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GENERAL ABSTRACT
American oyster (Crassostrea virginica) stocks on the East Coast in general, and in Chesapeake
Bay in particular, have been in decline over the past half-century in large part due to Dermo
disease, caused by the protist parasite Perkinsus marinus. Efforts to restore oysters for their
ecological and economic value have centered on the development and use o f hatchery-based seed
selectively bred for disease resistance. Selective breeding could benefit from the incorporation
o f oysters from wild stocks that have developed “natural Dermo resistance”, but few such stocks
have been identified and verified. This dissertation describes reciprocal common-garden
experiments carried out at two sites in each o f the G ulf o f Mexico and the Chesapeake Bay
between fall 1999 and winter 2001. The experiments compared growth, disease intensity, and
survival o f seed from putatively disease resistant and susceptible populations in both the G ulf of
Mexico and Chesapeake Bay. In the G ulf experiment, oysters from G ulf stocks showed
increased survival and decreased disease intensity, determined by body burden analysis o f
parasite cell counts, compared to Chesapeake stocks. Survival and disease intensities showed
statistically significant, but slight differences among stocks o f G ulf origin and among stocks o f
Chesapeake origin. There was no significant difference in growth over the eighteen months o f
the experiment. The Chesapeake study also showed lower infection intensity and decreases
mortality attributable to Dermo disease in G ulf stocks. There were also significant differences in
disease intensity and survival among Chesapeake stocks. Additionally, the stock from
Rappahannock River, VA showed increased growth compared to other stocks. In an additional
study, oysters from the Chesapeake Bay study were used to determine if an association existed
between disease intensity (body burden) and host defense activity, as measured by a suite of
assays, including hemocyte counts, granulocyte percentage, hemocyte killing ability, serum
protein concentration, and serum lysozyme activity. Development of two new assays, serum
inhibition o f P. marinus protease, and serum inhibition o f P. marinus activity, was begun, but
require additional refinement. No strong correlation or association was found, but a seasonal
component was apparent in several defense assays, as well as in disease intensity. This work has
identified and verified wild stocks that have been incorporated into existing breeding programs
for both restoration and the development o f commercial aquaculture in Chesapeake Bay and the
G ulf o f Mexico. The existence o f disease resistant wild stocks also suggests that the
conservation o f wild oysters is a viable alternative or addition to current hatchery-based
restoration efforts.
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N A TU R A L D E R M O R E SIST A N C E AND R E L A T E D D EFEN SE M E C H A N ISM S IN
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CHAPTER 1: INTRODUCTION

It’s common, yet tragic, knowledge that Eastern oyster {Crassostrea virginica) populations in
Chesapeake Bay have been decimated over the last century. In Virginia, annual commercial
harvests have dropped from a high o f nearly ten million bushels in the 1880’s, to an average o f
only 20,000 bushels between 1996 and 2002 (National Marine Fisheries Services [NMFS] 2002;
Virginia Marine Resources Commission [VMRC] 2003). This decline represents not only the
loss o f hundreds o f millions o f dollars through the collapse o f a major fishery, but also the loss of
a vital environmental component o f the ecology o f Chesapeake Bay (Newell 1988, Wells 1961,
Breitburg 1999). Efforts to maintain stock levels were somewhat successful through the first
half o f the twentieth century, but, in the latter half, these efforts have been hindered by the
advent o f two parasitic diseases MSX and Dermo (Gottlieb and Schweighhofer 1996).

MSX, a disease caused by Haplosporidium nelsoni is thought to have destroyed nearly 90
percent of Chesapeake Bay standing stocks in the early 1960's (Andrews and Wood 1967), and
prompted the establishment o f an oyster hatchery at the Virginia Institute o f Marine Science
(VIMS) for the purpose o f developing M SX-resistant oyster seed (Oesterling 1993). MSX
remains a consistent problem in high salinity, lower Bay waters, but over the past four decades
major strides have been made in developing MSX resistant strains for commercial or non
commercial use (Ford 1982, Haskin and Ford 1979, 1987, Allen et al 1993).

The second major disease, Dermo, is caused by the marine parasite Perkinsus marinus.
Discovered Bay-wide in 1950 (Andrews and Hewatt 1957), it has become the dominant disease
since the drought years o f the early 1980's. In Virginia, it spread into the James River seed beds,
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the sole remaining source o f plentiful seed, and invaded much o f the M aryland portion o f the
Bay, causing mortality levels o f more than 50 percent in many populations (Andrews 1988,
Burreson and Ragone Calvo 1996). Because Dermo disease is progressive, larger, older oysters
tend to have heavier infections and greater mortality than smaller, younger oysters (Andrews and
Hewatt 1957). As a result, populations where P. marinus is enzootic tend to have fewer large
oysters over time, resulting in less fecund broodstock, and in fewer market sized (three inches
and longer) oysters. The loss o f high salinity seedbeds and growing grounds to MSX, and the
removal of reproducing, marketable oysters by Dermo disease have combined with
overharvesting and anthropogenic habitat destruction to bring about the near extinction of
various local oyster populations and the demise o f the wild oyster industry in Chesapeake Bay as
a whole (Andrews 1996, Taylor 1994, Hargis and Haven 1988).

Similarly, oyster populations in the G ulf o f Mexico have also been affected by Dermo disease.
Perkinsus marinus was first described in the G ulf in 1950 (Mackin et al. 1950) and identified as
the cause o f large mortalities in that region (Mackin 1962; Mackin and Sparks 1962). The
parasite is still responsible for heavy localized mortalities that negatively affect the industry (Ray
1996; Soniat 1996; Melancon and Condrey 1992), but, contrary to the situation in the
Chesapeake, overall G ulf harvest levels have remained fairly constant for over fifty years. In
fact, stock sizes on the public oyster grounds in Louisiana increased between 1992 and 2002
(NMFS 2002; Louisiana Department o f Wildlife and Fisheries [LDWF] 2003) due to
environmental conditions as well as sound management decisions. However, decrease in stock
sizes o f both market and seed oysters since 2001 has prompted some concern (Patrick Banks,
LDWF, pers. comm., LDW F 2003).
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With the decrease o f the wild harvest in Virginia, and concerns about G ulf stocks, there is
increasing interest in commercial oyster aquaculture in both regions. Initial efforts in
Chesapeake Bay were small, consisting o f a few commercial hatcheries supplying seed for non
commercial gardeners and small-scale commercial growers. Recently, a number o f larger, fullscale production farms have arisen that, together, possess the capability to out-produce the wild
harvest industry in Virginia (pers. obs.). Several oyster growers in the G ulf have also
experimented with a variety o f intensive culture methods with the goal o f increasing production
and profit while also reducing pressure on wild stocks in that region (Dr. J. Supan, Louisiana
State University [LSU], pers. comm.). One critical feature to the development o f commercial
aquaculture in Chesapeake Bay and the G ulf of Mexico is the development o f disease-resistant
strains exhibiting increased survival in the presence o f both Dermo and MSX diseases.

In addition to their commercial value, oysters have substantial ecological value. Left in their
natural state, oysters produce large three-dimensional reefs, similar to tropical coral reefs.
Oyster reefs offer vital habitat for other commercially and ecologically important species (Wells
1961; Breitburg 1999; Posey et al. 1999). Reefs also provide structure that lifts oysters above
otherwise smothering sediments, increasing survival, and promote the aggregation o f oysters,
increasing spawning efficiency and success (review in Mann 2000). Oysters themselves are also
vital to the B ay’s health, as they aid in algae filtration in the increasingly eutrophic Bay (Newell
1988), and help to maintain healthy trophic levels (Ulanowicz and Tuttle 1992). Oyster reefs
once formed extensive intertidal structures spanning large sections o f Chesapeake Bay, and in
some cases rose over twenty meters from the bottom to break the water’s surface (Hargis 1999).
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Over the last century damaging harvest methods have led to the destruction o f three-dimensional
reefs in the Chesapeake Bay, reducing them to two-dimensional footprints covering a fraction o f
their former area (Hargis and Haven 1999).

The importance o f oysters and oyster reefs has led the Chesapeake Bay Program, a consortium of
regional and federal policy makers, to make oyster population and reef restoration a major part of
its mission (Chesapeake Executive Council 1994, 2000). By utilizing the resources o f the
M aryland Department o f Natural Resources, the Virginia Marine Resources Commission, the
U.S. Army Corps o f Engineers, private organizations such as the Chesapeake Bay Foundation,
and research facilities at the University o f Maryland Center for Estuarine Studies, and the
Virginia Institute o f Marine Science, the Bay Program has constructed over two dozen artificial
oyster reefs on historical reef footprints (Wesson et al. 1999). These rebuilt reefs are populated
with a combination o f adult oysters collected from the wild, and cultured seed oysters produced
from both wild broodstocks and hatchery-developed strains artificially selected for resistance to
both MSX and Dermo diseases (Brumbaugh et al 2000, Stickler and Allen 2000, Allen et al
2003). The restoration o f long-term, self-sustaining reefs depends on developing seed that is
able to survive disease, even more so than with commercial aquaculture. With this realization,
the Chesapeake Bay Program has committed to expanding reef restoration efforts, with an
emphasis on further developing existing disease-resistant strains, and researching potentially
resistant wild stocks, in addition to other strategies (Dr. R. Mann, VIMS pers. comm.).

The ultimate test o f disease-resistant oysters is that they exhibit increased survival in the face of
disease pressure. While the basis o f that survival may result from resistance to initial infection,
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tolerance of parasite, or the reduction o f parasite levels once infected, I will use the term
resistance throughout this dissertation in describing any form o f reduced parasite prevalence,
infection intensity, or associated increased survival, except where specifically indicated (Valiulis
1973; Bushek and Allen 1996; Ewald 1994).

NATURAL DERMO RESISTANCE
One approach to obtaining disease-resistant seed is the use of non-native species with reduced
susceptibility to Disease. The Suminoe oyster, C. ariakensis, is currently undergoing field trials
in Virginia, Maryland, and North Carolina to determine its potential ecological impact and
disease susceptibility. All results to this point indicate that these Asian oysters are resistant to
both Dermo and MSX, and exhibit high survival in Bay waters (Calvo et al. 2001). The
introduction o f non-native species, even non-reproducing triploids, remains controversial,
however, and its ecological ramifications are hard to estimate precisely (Luckenbach and Curry
2001).

A less controversial alternative to non-native introductions is to develop disease resistant hatchery
strains through selection and breeding. Researchers have successfully developed strains resistant to
a variety of diseases in several oyster species, including summer mortality o f the Pacific oyster, C.
gigas (Beattie et al 1978), Bonamia ostrea in Ostrea edulis, the European flat oyster (Naciri-Graven
et al 1998), and Juvenile Oyster Disease in the Eastern oyster (Davis et al 1997).

Breeding efforts have yielded major gains in developing MSX resistant stocks, specifically with
work begun at Rutgers University in the 1960’s by Dr. Hal Haskin (Haskin and Ford, 1987), and
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continued beginning in 1988 by Dr. Stan Allen. The appearance and persistence o f P. marinus in
Delaware Bay in the early 1990’s led Dr. Allen to begin breeding a new “synthetic” line formed as a
composite spawn o f a number o f individual MSX resistant lines. These lines are now called
CROSBreed lines, or XB for short. The ultimate aim o f CROSBreed is a genetically superior strain
resistant to both diseases for general use in the mid-Atlantic (Dr. S. Allen, VIMS, pers. comm.).
Still at issue is whether or not these or other lines have inherited Dermo resistance during their
selection process.

Dr. Burreson’s lab at VIMS began an additional M SX-resistant line in 1987 using a native Delaware
Bay stock (Ragone-Calvo et al. 2003). By exposing the resulting progeny to disease conditions and
using survivors as broodstock over several generations, they produced the DEBY line, now in use in
the Chesapeake Bay. In contrast with the XB line above, the DEBY line was initially exposed to
Dermo disease epizootics in the York River, and now exhibits increased resistance to that disease as
well as MSX (Ragone-Calvo et al. 2003).

A natural adjunct o f the selective breeding work is the identification and verification o f naturally
resistant oyster stocks. The identification o f such stocks will verify that increased Dermo
resistance through natural selection is possible. Naturally resistant stocks can be used as the
founding population for building new lines o f Dermo resistant oysters. Naturally Dermo
resistant oysters can also be used immediately in aquaculture by crossbreeding with existing
hatchery lines. The identification o f wild populations with natural disease resistance could also
affect management decisions. Sampling by VMRC indicated that there were several native
stocks o f large oysters in the Bay including Tangier Sound, Onancock Rock, and the Lynnhaven
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and Rappahannock Rivers (Dr. J. Wesson, VMRC, pers. comm.). Similar reports o f residual
populations o f large "resistant" oysters came out of the Cameron, Grande Terre and Fourchon
areas o f the G ulf o f Mexico (Dr. J. Supan, LSU, pers. comm.). While these and other
populations have been identified as being potentially resistant, few studies have verified that
resistance conclusively (Sorabella 2002).

STUDIES OF NATURAL DERMO RESISTANCE
W hat is the evidence that Tangier oysters and other populations like them could harbor natural
disease resistance? Few studies or experiments have directly examined the question o f natural
Dermo resistance in C. virginica. M ost observations were made incidentally to studies intended
to ask other questions. For example, while examining the general characteristics o f Dermo
epizootics in Chesapeake Bay, Andrews and Flewatt (1957) reported increased resistance, as
shown by greater survival, in transplanted juvenile oysters from South Carolina over native
Chesapeake Bay individuals. Because their study was not aimed at determining natural
resistance p e r se, there were no controls. Mackin and Sparks (1962) also noted differences in
mortality due to Dermo infection among different sources o f oysters, but the observation was
incidental to studies on the effects o f oil spill on oyster populations.

These studies were unsuited to examining questions about the inheritance o f natural resistance
because they used transplanted animals that could have been previously exposed to Dermo, not
hatchery-produced Fo progeny. The variation in mortality noted between stocks could have been
the result o f inherent genetic differences, but could also have been because the “resistant” stocks
had experience greater disease challenge prior to transplanting, and the more susceptible oysters
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had already died. W hen determining if a genetic component to resistance exists, individuals
from all stocks must have no previous exposure to disease.

In an in vivo study that did employ hatchery-produced individuals with no previous disease
exposure, Valiulis (1973) introduced infected oyster homogenates containing infectious
Perkinsus cells to oysters from four different stocks. While he noted differences in infection
prevalence and associated mortality among stocks, suggesting innate Dermo resistance, the
variation in prevalence was only seen at low parasite exposure levels. Additionally, his results
were confounded by the presence o f MSX in several oysters. Nonetheless, he concluded that
MSX-resistant stocks also exhibited greater resistance to P. marinus than non-selected stocks.

In contrast, in in situ studies, Burreson (1991) found that Dermo susceptibility was higher in two
M SX-resistant hatchery strains than in wild stocks from both Chesapeake Bay and Delaware
Bay. Because both hatchery strains originated from areas with no historical exposure to Dermo,
and the wild stocks originated from areas with greater exposure to Dermo disease, his results
suggest natural resistance. An additional possible explanation is that artificial selection resulted
in reduced genetic variation, and, therefore, an overall decrease in vitality. Yet another
possibility is that selection for M SX-resistance selected for defense mechanisms that offered
resistance to MSX, but were ineffective against P. marinus, resulting in oysters less resistant to
P. marinus. These latter theories are strengthened by the fact that there was little difference
between wild stocks from the Chesapeake, where Dermo was historically present, and Delaware,
where Dermo had only recently appeared. Nevertheless, the Delaware Bay stock was
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subsequently used in a selective breeding program, and became the basis o f the DEBY line
mentioned above.

Recent studies at VIMS (Ragone-Calvo et al. 2003) compared the performance o f two wild
Virginia stocks, Tangier Sound and M objack Bay, with that o f the F4 DEBY line. Overall, the
DEBY line exhibited greater resistance, as shown by lower Dermo prevalence and intensity,
lower mortality, and faster growth, with the two wild stocks being comparable in their
performances. While this study indicates a degree o f resistance derived from selective breeding
in the hatchery line, the question o f natural resistance is left unclear. Both wild stocks came
from known Dermo-enzootic areas, and would have experienced some selection pressure.
Therefore, although the wild stocks offered a comparison for the hatchery strain, no stock from
uninfected waters was used as a control to determine if differences occurred among wild
populations.

Similarly, Sorabella (2002) compared growth, survival, and disease prevalence and intensity
between the CROSBreed strain and an F0 wild stock from Lynnhaven River, Virginia. In her
study, survival and disease levels were comparable between the two stocks, and growth in the
Lynnhaven wild stock exceeded that in the CROSBreed strain. As with the DEBY studies
above, though, there was no susceptible wild stock as a control, a necessity as the actual
resistance o f the CROSBreed strain remains unproven. Furthermore, as her study was conducted
at two sites in the Lynnhaven River, it is possible that the native Lynnhaven Stock had
undergone selection for environmental conditions other than just disease pressure. Such
selection may have more negatively affected disease levels in the CROSBreed line than in the
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wild stock. Ford and Tripp (1996) note several studies that indicate environmental stressors play
a role in Dermo susceptibility.

The first study that clearly demonstrated the inheritance o f natural Dermo resistance was that of
Bushek and Allen (1996) who examined host parasite interactions between oysters and Dermo.
They compared the interactions o f four Dermo isolates (cultured pure strains) with four
geographic populations o f C. virginica. The isolates were from both the Atlantic and G ulf
coasts, and represent, essentially, the northern and southern ranges of the parasite. Oysters were
hatchery reared Fo progeny from Atlantic and G ulf regions historically endemic to Dermo, and
from a Delaware Bay site recently infected, and an uninfected Maine location. Because o f the
intricacies o f the experimental design, oysters were tested in the laboratory using P. marinus
cultures isolated and cultured in vitro. By exposing young, hatchery-reared, uninfected oysters
from all populations to all isolates, Bushek and Allen demonstrated genetic variation in virulence
among isolates, and genetic variation in resistance among oyster stocks. Theirs being an in vivo
study, however, there remains the question o f the transferability o f their findings to an in situ
situation. As they pointed out, their study was conducted at a particular set o f environmental
conditions. Their results m ay have been different under different conditions. To fully determine
the resistance o f a stock, and its suitability for restoration or aquaculture, the stocks must be
proven in the field.

In such a field study, Paynter et al. (1996) produced a number o f different half-sibling lines
(common maternal source) using males from several geographic sources on the East and G ulf
Coasts, including Delaware Bay, Chesapeake Bay, North Carolina, South Carolina, Louisiana
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and Texas. Because the tested stocks were half-siblings, any observed differences would have
provided a conservative estimate o f genetic variation in Dermo resistance, without any
confounding maternal effects. They noted some differences in the incidence o f P. marinus
infection at one site, but their complete results were never published. While all o f these studies
indicate a genetic basis for natural Dermo resistance, none have compared F0 progeny from a
number of putatively resistant stocks with those o f putatively susceptible stocks at multiple
disease sites.

This dissertation describes a study identifying and verifying Dermo resistant wild stocks, and
determining their suitability for use in restoration and aquaculture. As an in situ study, it allowed
for challenge by environmental pressures other than disease, which although not the primary
focus, may affect the relative performances o f stocks. It was conducted in multiple sites, with
each allowing for disease pressure. As Dermo disease is o f concern in both the G ulf and the
Chesapeake Bay, this study compared both putatively resistant, and putatively susceptible stocks
from both regions in a common garden experiment conducted in both regions. Chapter 2 o f this
study describes the portion conducted in the G ulf o f Mexico, and Chapter 3 describes the portion
conducted in the Chesapeake Bay.

Chapter 4 describes an examination of the relationship between disease levels and an array of
known general oyster defense mechanisms, using oysters from the Chesapeake portion o f the
study. By identifying resistant oysters or populations through examining basic, assayable traits,
breeding managers can save valuable time and effort over the traditional “survivor selection”
method.
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Identifying naturally resistant oyster stocks, and potential markers is only one step towards
ecological restoration and industry revitalization. Chapter 5 is an in-depth analysis o f the
implications and suggestions for conducting restoration and revitalization, based on the results o f
my studies.

OBJECTIVES
1 .1 will directly determine if a genetic component for natural Dermo resistance exists in wild
Eastern oyster populations.

2 . 1 will verify that Dermo resistance is independent o f the grow-out conditions by examining
multiple stocks at multiple sites in multiple regions.

3 . 1 will determine if specific oyster defense activities are associated with disease resistance.

4 . 1 will examine the genetic, ecological, and economic considerations and implications of
utilizing resistant stocks for wholesale restoration and industry revitalization.
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C H A P T E R II.

NATURAL DERMO RESISTANCE IN AMERICAN OYSTERS CRASSOSTREA
VIRGINICA: COMMON-GARDEN EXPERIMENTS IN LOUISIANA

ABSTRACT
Despite disease pressure from P. marinus in the G ulf o f Mexico, particularly Louisiana, oyster
production has remained constant over the past several years as a result o f favorable climatic
conditions and successful management practices. Currently, a large portion o f Louisiana
production results from the capture and transplant o f wild seed on private lease beds, a practice
that is expensive, and time-consuming, and also places increased pressure on seed resources.
The development o f an industry utilizing disease resistant hatchery seed could reduce pressure
on valuable seed reserves, and increase profits. Identifying and verifying naturally disease
resistant wild stocks would benefit such a hatchery based breeding program. A common-garden
experiment conducted between fall 1999 and winter 2000 at two sites in Louisiana, Grand Isle,
and Grande Terre, compared the disease levels and survival o f putatively Dermo-resistant and
susceptible oyster stocks originating in the G ulf o f Mexico and Chesapeake Bay. The study
demonstrated were distinct differences among stocks, as oysters spawned from G ulf broodstocks
all had dramatically decreased parasite loads determined by oyster body burdens o f Perkinsus
marinus, and dramatically increased survival compared to oysters spawned from Chesapeake
Bay broodstocks, and the CROSBreed hatchery strain, which had undergone artificial selection
for disease resistance. There was little difference in either disease intensity or survival among
G ulf stocks or among Chesapeake stocks. Disease resistance and survival were consistent at
both test sites, and were independent of growth.
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INTRODUCTION
Originally discovered in the G ulf o f Mexico in the 1940’s (Mackin et al. 1950), Dermo disease,
caused by the protist parasite Perkinsus marinus, has plagued G ulf oyster populations for over
half a century (Mackin & Sparks 1962, Ray 1996, Soniat 1996). While overall commercial
harvest levels have remained fairly constant, and even increased over the past half century
(National Marine Fisheries Service [NMFS] 2002), the parasite is still responsible for heavy
mortalities (Ray 1996, Soniat 1996), negatively affecting wild fisheries, and impacting public
oyster reefs and seed beds (Melancon & Condrey 1990, Patrick Banks, Louisiana Department of
Wildlife and Fisheries [LDWF], pers. comm.).

Contrary to the situation in the Chesapeake where oyster stocks are less than 1% o f their
historical levels (Newell 1988), overall G ulf harvest levels have remained fairly constant for over
fifty years, and stock sizes on the public oyster grounds in Louisiana even increased between
1992 and 2002 (NMFS 2002; LDWF 2003). One reason stock levels remain high in the G ulf is
that MSX, another parasitic disease oyster disease, has not yet invaded G ulf waters. Also,
Mississippi River freshets frequently reduce G ulf salinity, and thus, reduce Dermo pressure
(LaPeyre et al. 2003). The warmer G ulf waters allow for faster oyster growth - oysters can
reproduce before Dermo kills them. Harvest size was reduced in Texas, further decreasing
exposure time to Perkinsus (Andrews and Ray 1988). Additionally, while the harvest o f wild
oysters on public beds has risen with availability o f oysters on those beds over the past decade,
harvest numbers are maintained at a sustainable level (LDWF 2003; P. Banks LDWF, pers.
comm.). A decrease in stock sizes o f both market and seed oysters since 2001 has prompted
some concern, however (LDW F 2003).
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While harvest levels from public grounds in Louisiana have increased, private production has
declined slightly (LDW F 2003), mostly in response to uncertainty concerning the future
availability o f leased bottom in the state. Currently, private production in the G ulf industry
consists o f obtaining small seed oysters from state-owned and managed beds, usually in highsalinity waters, then transplanting those seed to privately-held lease grounds (Supan et al. 1999).
Recently, as the state has begun revoking private leases to gain grounds for use in wetlands
reclamation projects, growers have become reluctant to invest in procuring and developing new
grounds, or reinvesting in old beds (Dr. J. Supan, Louisiana State University [LSU]; P. Banks,
LDWF, pers. comm.).

Additionally, variable environmental conditions make production on any one lease inconsistent,
since a lower salinity lease may become inundated with fresh water, killing any oysters located
there. Similarly, a higher salinity lease may, in times o f drought, become a hotspot for predation
and Dermo disease (Melancon & Condrey 1992). Hedging against total losses on any one lease,
oystermen typically hold several leases in areas o f varying salinity, and gather enough seed to
plant on three to four leases, planning for most o f the oysters to die before being harvested. This
intentional over planting is costly to the oystermen, as well as an added pressure on seed stocks
already burdened by natural disease and predation (Melancon & Condrey. 1992; Ray 1996).
Developing Dermo resistant hatchery seed might help reduce the need for multiple lease
grounds, thereby simultaneously easing concerns over reclamation o f low salinity grounds and
easing pressure on wild seedbeds (Melancon & Condrey 1992; Supan et al. 1999).
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The use of oysters from wild populations with “natural Dermo resistance” is a logical step in
developing disease-resistant hatchery seed. Populations o f long-term survivors in Dermoenzootic waters (assumed to Dermo-resistant) were reported in the m id-1990’s in the Cameron,
Grande Terre, and Port Fourchon areas o f Louisiana, as well as in several areas in the
Chesapeake Bay, but these assumptions have not been verified (Dr. J. Supan, LSU, and Dr. J.
Wesson, Virginia Marine Resources Commission, pers. comm.). Growing oysters from these
populations in a common garden experiment would provide an opportunity to determine the
potential for using these “resistant” populations in a disease-resistance breeding program, and
would also provide an opportunity to verify the existence o f a genetic component for Dermoresistance in a field setting.

The objective o f this study was to compare growth, Perkinsus marinus infection prevalence and
intensity, and mortality o f Fo progenies from putative “Dermo-resistant” and susceptible
Louisiana and Chesapeake Bay stocks. The study was conducted as a common-garden
experiment at two sites in the G ulf o f Mexico from 1999 to 2000, and was companion to a
reciprocal common-garden study conducted in Chesapeake Bay utilizing the same stocks
(Encomio et al. In prep)

METHODS
Stock selection, spawning and nursery
Putative naturally Dermo resistant populations were defined as substantial populations o f large
(and therefore, older) oysters in areas where Perkinsus marinus was historically present.
Conversely, susceptible control populations were defined as being from areas with little or no
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history of Dermo pressure. Dr. Jim Wesson o f VMRC in Virginia and Dr. John Supan o f LSU in
Louisiana provided stock identifications. Disease history in Virginia was confirmed by
examining VIMS annual oyster disease monitoring reports (Ragone Calvo & Burreson 19931997). Broodstock were collected from fall 1998 through winter 1999, with oysters gathered
from a large enough area to insure representative sampling of any given population. Putative
disease resistant Louisiana populations sampled included Grande Terre Island in Barataria Bay
o f Jefferson Parish and Oyster Bayou in Cameron Parish; the putatively susceptible control was
from Hackberry Bay in Jefferson Parish. Putatively resistant Virginia populations included
Rappahannock River (CRB) in Essex County, Tangier Sound in Accomack County, Lynnhaven
River in Virginia Beach, and Onancock Rock in Accomack County. A susceptible control
population was obtained from Choptank River in Dorchester County, Maryland. As a positive
control, the CROSBreed (XB) hatchery strain, a strain selected over thirty years for MSX
resistance, and three generations o f Dermo resistance at Rutgers University, and now managed at
VIMS was included for comparison (Dr. S.K. Allen, Virginia Institute o f M arine Science
[VIMS], pers. comm.).

Each Louisiana population was divided into two portions, one o f which was left at the LSU
hatchery in Grand Isle, LA to condition naturally during spring 1999 for use as back-up
broodstock, if needed. Similarly, back-up broodstock for the Choptank population was
maintained at the University o f M aiyland Center for Environmental Science at Horn Point,
Maryland, and back-ups for other Chesapeake stocks were maintained at Middle Peninsula
Aquaculture in North, Mathews County, Virginia. The remaining broodstock portions were
maintained in the VIMS hatchery at ambient conditions in flow-through flumes prior to

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

23
conditioning. Effluent from Louisiana stocks was collected and heat-treated to prevent releasing
the G ulf strain o f P. marinus into Chesapeake Bay (Bushek and Allen 1996; Reece et al. 2001).
Stocks were conditioned beginning March 1999 at ~20°C and ambient salinities (15-22 ppt.) at
Gloucester Point, Virginia. Complete water changes with unfiltered York River water (YRW)
were conducted three times weekly, and broodstocks were fed primarily a mixture o f live
Isochrysis galbana and Tetraselmis paste in addition to algae available through the unfiltered
YRW. Back-up Chesapeake stocks at Horn Point and North were maintained and conditioned
similarly.

In mid-April 1999, broodstocks were spawned at the VIMS Gloucester Point, Virginia hatchery
using the strip spawn technique described in Castagna et al. (1996). Briefly, for each stock,
gonads o f conditioned oysters were lacerated and rinsed with filtered ambient seawater, then re
suspended in filtered ambient seawater. Egg suspensions were then strained through 35-micron
nylon mesh into individual beakers. Following straining, eggs were pooled, then split into equal
aliquots and sperm was added, one male per aliquot. Paired gamete mixtures were set aside for
30-60 minutes to ensure fertilization. The resulting families for each stock were then combined,
while maintaining stock integrity, and the zygotes were placed in 200L cylindrical larval tanks
filled with 1-micron filtered ambient YRW at about 25°C. In some cases, to ensure adequate
spawn size, multiple spawns were conducted for a single stock using back-up broodstock if
necessary. Chesapeake stocks were spawned 2-3 weeks after G ulf stocks, and back-up
Chesapeake broodstoocks were spawned at their respective holding facilities and then eyed
larvae acquired for remote setting at the VIMS hatchery. Effective population size (Ne) was
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calculated for each stock, using the formula N e= 4NmNf/(Nm+Nf), where N m = number males,
a n d N f= number females (Wright 1933; Table 1).

Larvae were judged ready to metamorphose and set when they developed eyespots at 12-16d
(Castagna et al. 1996). A sample o f -1 0 0 larvae from each stock was harvested and certified
MSX-free by the VIMS Oyster Pathology Lab using a specific PCR probe (Stokes and Burreson
1995). Approximately one-third o f the eyed larvae o f each stock were shipped to Dr. John
Supan at the LSU Grand Isle hatchery for remote setting there, with the remaining larvae being
raised for use in the reciprocal Chesapeake study. At Grand Isle, larvae were placed in
downweller silos with 150-200pm nylon mesh containing ~ lm m diameter crushed shell for
setting.

Sufficient seed was obtained from the following stocks by late M ay (stock designators in
parenthesis; see Table 1): Louisiana - Grande Terre (LGT), Oyster Bayou (LOB), and
Hackberry Bay (LHB); Chesapeake Bay - Choptank River (CCR), Rappahannock River (CRB),
and Tangier Sound (CTS); and the positive control hatchery strain CROSBreed (XB) (Fig. 1).
W hen seed had grown to more than 500pm, stocks were then transferred to an upweller nursery
using Caminada Bay water that was 100-pm filtered to prevent possible wild oyster overstrike
until seed shell heights exceeded 10mm. Thereafter, seed were exposed to raw Caminada Bay
water, and brine-dipped semi-monthly to control overset (DeBrosse and Allen 1993). All seed
were deployed in September 1999 into 2 ’x3’ Oyster Bottom Cages (OBC - ADPI Interprises,
Inc., Philadelphia, PA), plastic mesh bags o f mesh size sufficient to retain seed, which were
placed into floats as described below.
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Seed grow-out and disease monitoring
Two replicates o f each stock were deployed at -8 0 0 animals per replicate, one replicate per OBC
bag. Each bag was placed in a modified Taylor float, a 2 ’x3’ rectangular 4” diameter PVC float
ring, with a 1’ deep, 1 inch-square vinyl-coated wire mesh basket attached to the ring
(Luckenbach et al. 1997). Floats were attached in random order to mooring lines and deployed
at two sites in the G ulf o f Mexico (Figs. 1 and 2), Grand Isle, Caminada Bay and Grande Terre
Island, Barataria Bay. Located in Jefferson Parish, both sites generally have salinities greater
than 15 ppt, ensuring Dermo disease pressure. However, because o f Grande Terre’s proximity to
the Mississippi River, it receives freshets, resulting in lower salinity periodically. As the animals
grew, they were transferred to bags o f increasingly larger mesh until they were large enough to
be retained on the 1” wire mesh. Replicates were randomly culled down to 600 oysters per float
In M ay 2000 to prevent overcrowding. Grow-out was terminated in December 2000 due to total
mortality o f Chesapeake stocks.

During grow-out, monthly salinity and temperature data were recorded, and oysters were counted
to obtain shell heights and mortality data. Fifty individuals from each replicate were randomly
chosen and shell height was measured to the nearest 0.1mm. Stocks were then washed, and
brine-dipped to prevent wild overset and excessive fouling (Luckenbach et al. 1997). The sites
were sampled bimonthly beginning Novem ber 1999, with 15 oysters removed and processed
from each replicate for Dermo diagnosis. Parasite prevalence and intensity were determined
using a whole oyster body burden assay similar to that described by Fisher and Oliver (1996),
and modified by La Peyre et al. (2003). Body Burden (BB) was assessed as number o f parasite
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cells per gram o f wet oyster tissue. In the modified assay, each oyster was shucked, and the
tissue was removed and blotted dry, then weighed to the nearest 0.0lg. Next, tissue was
homogenized in artificial seawater with salinity similar to that o f the grow-out sites. A 1-ml
aliquot o f homogenate was suspended in 10 ml lipid enriched Alternative Fluid Thioglycollate
M edium (AFTM) instead o f standard Fluid Thioglycollate M edium (FTM). Normally, agar in
FTM causes a gelatinous layer to form on the surface o f the medium that is difficult to separate
cleanly, and interferes with accurate dilution. AFTM lacks agar, and therefore, has no gel layer,
so separation and dilution are greatly simplified. Antibiotic (chloramphenicol) and antifungal
(nystatin) were added, and samples were incubated at room temperature 5-10 days, allowing
Perkinsus meronts to enlarge as pre-zoosporangia. Incubates were spun at 200xg and
supernatant poured off. The pellet was re-suspended in 2M NaOH solution and set overnight in
a water bath at 60°C for digestion of oyster tissue. After digestion, pellets underwent a series o f
washes, first with distilled water, then 0.2M phosphate buffer. The final suspension was in ~ lm l
o f buffer with 0.2% azide added as a preservative for long-term storage. The final suspension
was then serially diluted onto filter paper, Lugol’s iodine was added, and parasite cells were
counted using the inverted microscope. A distinct advantage o f the body burden assay over the
traditional FTM assay is that an actual count is obtained, rather than a roughly logarithmic value
for infection, permitting more rigorous statistical analysis.

Statistical Analysis
All statistical analyses were run using Statistical Analysis System, SAS, version 8 (SAS Institute,
Cary, NC, 1999). To determine incremental growth, the prior sampling’s average shell height
for each replicate o f each stock was subtracted from the current sampling’s average shell height.
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Analysis of growth consisted o f analysis o f covariance (ANCOVA), with stock (LGT, CCR, etc.)
and date as fixed factors, and initial shell height as the covariate. Using the “By” statement in
SAS, ANCOVA were separated for each grow-out site (Grand Isle, Grande Terre). The model
statement was incremental growth = stock + date + initial shellheight (covariate) by site.
Individual pair-wise comparisons o f all stocks were made, adjusted for Bonferroni corrections
(ZAR 1999). Total growth was determined by subtracting the average shell height value at pre
deployment from that at final sampling. ANCOVA was run with stock as the factor, and initial
shell height as the covariate, separated by site. Individual pair-wise comparisons between stocks
were made using Bonferroni corrections.

Perkinsus infections intensities, determined by total body burden, were defined as number o f
parasite cells/g wet weight o f oyster tissue (cells/g ww; Bushek and Allen 1996). Because
individual oyster body burdens varied by orders o f magnitude, all counts were log-transformed
before statistical analysis (Choi et al. 1989, Gauthier & Fisher 1990, Bushek et al. 1994, Bushek
& Allen 1996), eliminating heterogeneity o f variance (Fmax test, p = 0.05). Analysis o f disease
intensity consisted o f a series o f analysis o f variance (ANOVA). An initial ANOVA was run to
determine if there was significant variation among replicates for each stock (CCR, LGT, etc.) at
each site (Grand Isle, Grande Terre) using the model: Logcount = stock + replicate, nested within
stock. Using the “by” statement in SAS, ANOVA were separated by grow-out site (Grand Isle,
Grande Terre; SAS Institute 1999). As replicate was not significant, oysters were pooled for
each stock, which was nested within broodstock origin (Gulf, Chesapeake). The ANOVA model
was Logcount = broodstock origin (n=3) + stock (n=50), nested within broodstock origin + date,
meaning sampling date (n=7), with analyses separated by site (SAS institute 1999). The XB

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited without perm ission.

28

strain was not included in the nested model because there was only one stock, but additional
ANOVA were run comparing XB to stocks within both G ulf and Chesapeake regions, using the
model Logcount = stock + date, separated by site, and adjusted for Bonferroni corrections. To
examine variation among individual oysters within stocks, frequency distribution diagrams were
constructed for Perkinsus infection intensity using original count values, placed into logarithmic
categories. While ANOVA o f P. marinus infection intensity was conducted using logtransformation o f parasite counts, values reported in the test and shown in graphics are actual
parasite counts, expressed as number parasite cells/grams oyster wet weight (cells/g ww).

Disease prevalence and cumulative mortality were analyzed using contingency table analysis, in
which table values were evaluated for agreement with Chi-square values. Replicates were pooled
for table analysis, and table values were compared among stocks within and between regions,
while controlling for grow out site (Burreson 1991; Zar 1999). Column values for prevalence
were number o f oysters infected and number uninfected. Column values for mortality were
number alive and number dead. Row values for prevalence and mortality were stock names.
Contingency table analysis was used rather than ANOVA o f arc-sine transformed data because
ANOVA using arc-sine transformation is inaccurate with high or low percentages. Several
stocks in this study experienced either high mortality or low Dermo prevalence, making the use
of contingency tables more appropriate in determining significant variation in mortality among
stocks (Zar 1996).
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RESULTS
Salinity and Temperature
Salinity varied little over the 16+ months o f the experiment, rarely falling below 30ppt, and
never below 25ppt at either site (Fig. 3). Salinity was generally l-3ppt higher at Grand Isle
during spring and early summer 2000, with the highest value being 34ppt in February compared
to 31ppt at Grande Terre. Neither site was consistently higher during winter 1999-2000, or from
July 2000 onward. The highest salinity during those times was 35ppt, recorded at Grande Terre
in July 2000, compared to 33ppt at Grand Isle during the same sampling. While consistently
high salinity is not uncommon at Grand Isle, it is uncommon at Grande Terre, where Mississippi
freshets often lead to rapid salinity decreases. Historical data indicate that the G ulf o f Mexico
region experienced extreme drought conditions during 1999 and 2000 (LDW F 2004).

Temperatures remained at or above 15°C throughout the entire experiment at Grand Isle and
were near or above 20°C through most o f the experiment. The temperature on 15 November
1999 was 21.5°C at Grand Isle, and 18.5°C at Grande Terre. Grand Isle temperatures dropped to
a low o f 17°C in February 2000, but were at 27°C on 14 M arch 2000. Similarly, Grande Terre
temperatures fell to a low o f 15°C in December 1999, but fluctuated to as high as 20°C in
January 2000, and were at 28°C on 14 March 2000. Temperatures at both sites remained above
20°C until the final sampling in December 2000, when the temperature fell to 15°C at Grand
Isle, and 14°C at Grande Terre. Continuous National Ocean Service data from Grande Isle
indicate that temperatures fell below 15°C for only ten days in December 1999, and never fell
below 11°C. Historical data show that while temperatures at Grand Isle are routinely above
20°C between mid-March and mid-November, they typically fall to 10°C or lower between
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December and February (National Ocean Service 2004).

Growth
Grand Isle
G ulf oysters (21.1mm, ± 0.3mm st.dev.) were larger at deployment (est. Chesapeake shell height
= 12mm), and remained consistently larger throughout the experiment (Fig. 4). October 1999
shell heights at Grand Isle were 19.7 mm (± 0.4mm) for Chesapeake stocks, and 46.7 mm (±
0.4mm) for G ulf stocks. The relative differences in shell heights between regions remained
fairly consistent overall into summer 2000. For June 2000, Chesapeake stocks were 78.2mm (±
1.1mm), and G ulf stocks were 97.5mm (± 0.5mm).

Beginning with the August 2000 sampling, differences in shell heights began to diverge as Gulf
oysters continued growing while the Chesapeake shell height average leveled off, then began to
decline, coincident with increasing mortalities. August Chesapeake shell heights averaged only
77.4mm (± 0.9mm), while G ulf shell heights averaged 100.4mm (± 0.2mm). By the end o f the
experiment in December 2000, Chesapeake stocks measured only 75.6mm (± 0.3mm), compared
to the G ulf stocks, which measured 113.2mm (± 0.8mm). Additionally, the minimum oyster
stopped increasing in Chesapeake stocks. For example, the smallest CCR oyster measured in
August 2000 was 54.4mm. In December 2000, the smallest CCR oyster was only 56.1mm. In
contrast, in the LOB stock, the smallest June oyster measured 66.4 mm, but in December, the
smallest LOB oyster was 89.7mm.

Growth rates showed no significant variation between regions (ANCOVA, p=0.55) in growth
rate until the Chesapeake stocks began experiencing heavy mortality in July 2000. There was
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also no variation among stocks within origin over time. In individual pair-wise comparisons,
The XB strain generally fell out with the Chesapeake stocks, as the June XB mean for Grand Isle
was 78.6 mm (± 1.3mm).

While there was no significant variation in incremental growth among stocks, there was
significant variation in total growth among stocks through October 2000, the last month in which
all stocks were still alive (ANCOVA, p<0.05). G ulf oysters showed similar overall growth as the
increase in shell height was between 80 and 90 mm for all three stocks (Fig. 5). CRB oysters,
(shell height increase = 70.7mm, ±7.4mm), and XB oysters (67.4mm, ± 1.1mm) did not vary
significantly from G ulf stocks. CRB and XB oysters were also similar to CCR (61.5mm,
±0.4mm) and CTS oysters (60.3mm, ±0.9mm), but the G ulf oysters were significantly different
from both the CCR and CTS stocks (ANCOVA pair-wise comparisons, p<0.05).

Grande Terre
As at Grand Isle, G ulf oysters remained larger than Chesapeake oysters throughout the
experiment at Grande Terre (Fig. 4). October 1999 shell heights averaged 19.5mm (± 0.3mm)
for Chesapeake stocks and 40.7 mm (± 0.3mm) for G ulf stocks. As at Grand Isle, the relative
differences in shell heights between regions remained fairly consistent overall into summer 2000.
For June 2000, Chesapeake stocks averaged 63.3mm (± 0.5mm), while G ulf stocks averaged
90.6mm (± 0.3mm).

Similar to Grand Isle, changes in shell heights began to diverge as G ulf oysters continued
growing while Chesapeake shell height averages leveled off, and began to decline, coincident
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with increasing Chesapeake mortalities. In August 2000, Chesapeake shell heights were only
60.8mm (±0.5mm), while G ulf shell heights were 94.6mm (± 0.4mm). By the end o f the
experiment in December 2000, Chesapeake stocks measured only 62.5 mm (± 0.8mm),
compared to the G ulf stocks, which measured 104.5mm (± 0.5mm). There was no significant
variation between regions (p=0.547) in growth rate until the Chesapeake stocks began
experiencing heavy mortality in July 2000. There was no significant variation among stocks
within origin over time. Growth in the XB strain was similar to that in Chesapeake stocks, as the
June XB mean was 66.3 mm (± 1.5mm). As at Grand Isle, the minimum oyster size in
Chesapeake stocks changed little after summer 2000. For CCR, the smallest oyster in August
2000 was 40.6mm, while the smallest CCR in December 2000 was only 47.1mm. In contrast,
the smallest LOB oyster in August 2000 measured 63.9mm, while the smallest LOB in
December 2000 was 75.3mm.

As at Grand Isle, there was significant variation in total growth at Grande Terre with the three
G ulf stocks varying from all three Chesapeake stocks as well as the XB strain (Fig. 5). G ulf
stocks showed an increase in size ranging from 74.8mm (+2.2mm) for the LHB stock to 80.4mm
(± 135mm) for the LOB stock, while size increases in the Chesapeake stocks ranged from
45.9mm (±0.5mm) for CRB, to 50.7mm (±3.1mm) for CCR. Increase in shell height in the XB
strain was similar to Chesapeake stocks at 54.2mm (±0.0mm).
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Disease Prevalence
G rand Isle
Perkinsus marinus infections were observed in all stocks at Grand Isle shortly after deployment.
November 1999 samples at Grand Isle showed 93-100% prevalence in all stocks, except the CTS
stock, which had 66.7% (± 0.0% std. err.) prevalence (Fig. 6). After this initial infection period,
prevalence declined to 15.2% (± 3.2%) in February 2000 across all stocks. By M arch 2000
prevalence began to increase, with as much variation occurring among replicates within
individual stocks, as between regions. Prevalence o f Dermo in Chesapeake stocks varied
between 23.3% (±3.3%) for CTS and 36.7% (±10.0%) for CRB. Prevalence in G ulf stocks
varied between 10.0% (±3.3%) for LOB, and 23.3% (±3.3%) for LGT. By M ay 2000, Perkinsus
infections were once again present in nearly all oysters sampled, as prevalence in Chesapeake
stocks was 96.7% (±1.5%) and in G ulf stocks was 85.6% (±4.4%). From June through
December 2000 prevalence o f infection remained 100%.

Oysters grown at Grand Isle showed statistically significant variation in P. marinus prevalence
among stocks, but this variation was not consistent over time (contingency table analysis,
p<0.05). For example, although the CTS stock had the lowest prevalence in the Novem ber 1999
sampling, the M arch 2000 sampling showed that the LOB stock had the lowest prevalence (10%,
± 3.3%). Initially, prevalence was lower in Chesapeake stocks (10.0%, ±2.3% in February 2000)
than in G ulf stocks (15.6%, ±4.1%), but it increased rapidly in March 2000, and was 28.9% (±
4.1%) for Chesapeake stocks, nearly double that o f the G ulf stocks (15.6% ± 3.3).
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Grande Terre
At Grande Terre, Chesapeake stocks consistently had significantly lower Perkinsus infection
prevalence than did G ulf stocks. In November 1999 prevalence in Chesapeake stocks was 56.5%
(± 14.4%), while it was 76.7% (± 12.0%) in G ulf stocks (Fig. 6). Prevalence was high for XB, at
76.7% (± 36.7%). As at Grand Isle, variation in prevalence among individual replicates within
stocks was high initially. In the November 1999 sampling, the CCR stock at Grande Terre had
one replicate with 20% prevalence, and one with 93% prevalence. By the February sampling,
variance among individual replicates was lower, with no stock having a standard error greater
than 13%. In February, prevalence remained lower in Chesapeake stocks at 26.7% (± 5.2%)
compared to G ulf stocks, at 51.1% (± 7.0%). By March 2000 Dermo prevalence for all stocks
again increased, and there was no significant difference between regions as both Chesapeake and
G ulf stocks averaged 64%. By May virtually all animals had infections as overall prevalence
was 99.5% (± 0.5%). From June through December 2000 infection prevalence remained 100%.
No one stock had consistently lower prevalence among either the G ulf or Chesapeake stocks.

Disease Intensity
G rand Isle
At Grand Isle, infection intensities, determined by P. marinus body burdens (BB), were initially
low. The average BB in November was 4.7x103 parasite cells/g wet weight (cells/g ww) o f
oyster tissue (± 3.6xl03 cells/g ww) for Chesapeake stocks, 9.2 x l0 3 cells/g ww (± 8.3xl03 cells/g
ww) for G ulf stocks, and 1.6xl02 cells/g ww ( ± l.lx l0 2 cells/g ww) for the XB strain (Fig. 7).
As infection intensities began to rise in March 2000, there was significant variation among
between Chesapeake and G ulf regions (ANOVA, p=0.027, Table 2). Chesapeake BB was
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1.2xl06 cells/g ww (± 5.4xl05 cells/g ww). G ulf BB was 5.7xl04 cells/g ww (±4.3xl04 cells/g
ww). Infection intensity remained significantly different between regions throughout the rest of
the experiment. Stocks within either region showed no significant variation for any month
through October 2000, when too few CRB oysters remained alive to make a reliable estimate.
Individual pair-wise comparisons o f the XB strain showed them to be similar to Chesapeake
stocks (ANOVA, p=1.00) and to vary significantly from the G ulf stocks (p=0.01) from March
on.

Frequency distribution diagrams o f infection intensity indicate that there was high variation
among oysters within individual stocks for both G ulf and Chesapeake stocks at Grand Isle (Fig.
8). The Novem ber 1999 sampling shows BB in Chesapeake oysters ranging from 0 to 104 cells/g
ww, while G ulf BB were slightly higher as they ranged from 101 to 105 cells/g ww. M ost counts
grouped between 102 to 104 cells/g ww for all stocks. In February 2000, BB dropped
dramatically among all stocks, but there were outliers among stocks o f both Chesapeake and
G ulf regions. Although BB in February were much lower overall, the highest BB counts in some
individual oysters were higher than those seen in November, with one CTS oyster having 107
cells/g ww. The M arch sampling showed similar results. Most oysters showed no infection, but
a few oysters had high parasite counts.

The increase in average parasite counts noted earlier for the May sampling was also evident in
the frequency distributions. All stocks tended to be grouped from 102 to 104 cells/g ww with
G ulf stock values lower than Chesapeake stocks, in contrast with the Novem ber 1999 sampling.
The highest G ulf BB was 106 cells/g ww, found in both the LFIB and LOB stocks. In

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

36

Chesapeake stocks BB were as high as 109 cells/g ww for one CCR oyster, and 108 in two CRB
oysters. The CTS stock and the XB strain had oysters with parasite BB as high as 107 cells/g
ww.

Individual BB counts progressively increased from May to July, and remained relatively high
through December, and BB in G ulf stocks remained consistently lower than BB in Chesapeake
stocks. For all stocks, counts among individual oysters ranged widely over several orders of
magnitude. The lowest counts were consistently found in G ulf oysters, as dozens o f oysters from
all three G ulf stocks had counts less than 106 cells/g ww, throughout the experiment. Only four
G ulf oysters had counts o f 108 cells/g ww, and none had higher counts. Conversely, the highest
counts were consistently found in Chesapeake oysters, with more than thirty having counts o f
108 cells/g ww, and three oysters with counts as high as 109. After the M ay sampling only six
Chesapeake oysters had counts below 106 cells/g ww. XB tended to group with the Chesapeake
stocks.

Grande Terre
As at Grand Isle, infection intensities at Grande Terre were also initially low, with no significant
variation among stocks (Fig. 7). Perkinsus BB in November 1999 was 5.0x102 cells/g ww
(1.2xl02 cells/g ww) for Chesapeake stocks, 1.6xl03 cells/g ww (±9.6xl02 cells/g ww) for G ulf
stocks, and 4.2 x l0 2 cells/g ww (±3.1xl02 cells/g ww) for the XB strain (Table 2). There was no
significant variation in parasite counts among stocks within each region for any month.
Variation in infection intensities in March 2000 was significant (p=0.03) between regions as Gulf
BB was 1.2x10' cells/g ww (±3.9x10° cells/g ww), while the Chesapeake BB was 7 .0xl02 cells/g
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ww (±4.9xl02 cells/g ww). XB BB was 1.3xl04 cells/g ww (±1.3xl04 cells/g ww) for March at
Grande Terre. Variation in infection intensities remained significant between Chesapeake and
G ulf regions from March on. Pair-wise comparisons showed that the XB strain was similar to
Chesapeake stocks, (ANOVA, p=1.00) and varied significantly from the G ulf stocks (p=0.01)
from March on.

As at Grand Isle, examination o f frequency distributions for parasite counts at Grande Terre
showed high variation among oysters within individual stocks (Fig 9). In November, body
burdens in oysters from both origins ranged from 0 to 106 cells/g ww. As indicated by the lower
prevalence levels already reported in Chesapeake stocks, fewer Chesapeake oysters showed any
infection, and most Chesapeake oysters grouped at the 0-10 cells/g ww level. W hile several G ulf
oysters also showed no infection, most G ulf oysters grouped between 102 and 104 cells/g ww.
February BB showed the same pattern as seen at Grand Isle as most oysters from all stocks were
clustered at 0 cells/g ww, but a few oysters had counts that were higher than those seen in
November 1999. Oysters from both G ulf (LOB) and Chesapeake (CRB) stocks, and the XB
strain had BB at 107 cells/g ww.

Beginning in March, body burdens in individual oysters began to increase dramatically for all
stocks, and BB ranged from 0 to 108 cells/g ww for Chesapeake oysters, and 0 to 107 for G ulf
oysters. By May, there was a clear delineation between G ulf and Chesapeake stocks as most
Chesapeake oysters had parasite counts exceeding 106 cells/g ww, with infection in one oyster
exceeding 109 cells/g ww. M ost counts in G ulf oysters were at or below 106 cells/g ww, and
only one exceeded 108 cells/g ww.
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Mortality
There were large differences in mortality between oysters o f different broodstock origin at Grand
Isle (Fig. 10) as Chesapeake stocks experienced high mortality. CCR mortality was 94.3%
(±1.1%), while 100% o f the CRB stock, and 91.8% (±1.1%) of the CTS stock died. In G ulf
oysters, cumulative mortality was much lower; 17.0% (±.8%) o f the LGT stock, 29.0% (±1.4%)
o f the LHB stock, and 22.5% (1.64%) o f the LOB stock dying. XB mortality at Grand Isle was
90.2% (±4.6%), similar to Chesapeake levels. There was significant variation both among stocks
within G ulf and Chesapeake regions, and between regions (contingency table analysis, p<0.001).

As at Grand Isle, there were also large differences in mortality between oysters o f different
broodstock origin at Grande Terre (Fig. 10) as Chesapeake stocks essentially died off. Among
Chesapeake stocks, CCR had cumulative mortality at 97.6% (±0.7%), CRB had 100% (±0.0%),
and CTS had 94.5% (±1.1%) mortality. Cumulative mortality in G ulf stocks was much lower
with LGT averaging 20.8% (0.5), LHB averaging 32.0% (±1.7%), and LOB averaging 28.1%
(± 1.3%) mortality. XB mortality was similar to Chesapeake mortalities at 94.5% (± 1.4%).
showed significant differences both within G ulf and Chesapeake regions and between regions
(contingency table analysis, p <0.0001).

DISCUSSION
Evidence of Resistance
This is the first field study that clearly reveals variation in Dermo resistance among the Fo
progeny of wild stocks, strengthening the assertion that a genetic basis for natural Dermo
resistance exists. The study revealed clear differences in P. marinus infection intensity, but not
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prevalence, and subsequent mortality between regions and among stocks. While the mortality
differences for stocks within geographic regions were slight (-10% ), rankings were consistent
across sites. The differences in disease intensity and mortality between geographic regions, and
among stocks within geographic regions seem clearly to be the result o f genetic variation among
the stocks, and not due to environment, oyster growth, or even poor stock selection.

I surmise that these mortality differences were not due to environmental effects o f G ulf climate
on Chesapeake stocks. While temperature and salinity conditions were greater than those
typically experienced in the areas where the Chesapeake stocks originated, they were also higher
than normal for G ulf stocks. Additionally while higher salinity and temperature may have
contributed to a higher than normal disease challenge (Chew 2000), neither was extreme enough
to suggest that the environmental conditions alone could have caused high mortality in
Chesapeake stocks (Chanley 1958, Shumway 1996). Rather, the 10-1000 fold differences in
body burden cell counts between G ulf and Chesapeake stocks were clearly the cause o f high
Chesapeake mortality.

It is improbable that size differences among stocks contributed to differences in disease intensity
and mortality. Although the G ulf stocks were larger in size at deployment, several studies
indicate that this could actually be considered a handicap in disease challenges, because larger
oysters are generally considered more susceptible to the parasite due to increased ingestion rates
of the parasite (Ray 1987, Andrews and Ray 1988). Growth rates were consistent across stocks
until after significant mortality set in among Chesapeake stocks in Summer 2000. At that time,
Chesapeake growth rates declined while G ulf growth rates remained stable. Despite declining
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growth rates, standard errors remained constant or even increased, indicating that oysters o f all
sizes were killed by disease. Additionally, the sizes o f the smallest oysters among Chesapeake
stocks did not change greatly between the September 2001 and November 2001 sampling dates,
suggesting that disease pressure affected growth. This was to be expected in light o f previous
studies (see review in Ford & Tripp 1996). The fact that the G ulf stocks were able to grow well
beyond the market size o f 75mm indicates their relative resistance to Dermo, at least in the Gulf.
Chesapeake stocks succumbed just prior to or at minimal market size, underscoring their
susceptibility.

The CRB stock, initially chosen as a “resistant” population, experienced the most rapid disease
progression o f all stocks, including the “susceptible” Chesapeake stock, CCR. While this finding
seemingly contradicts the hypothesis that Dermo resistance exists in wild oyster stocks, it is
more the result o f not fully examining the stock’s history. The CRB stock was collected from
the Bowlers Rock area o f the Rappahannock River, an area in which P. marinus infections are
consistently found. However, the Rappahannock is a relatively large river with high stream
flow, indicating that oysters setting on the Bowlers Rock region may have likely come from
broodstock further upstream, where decreased salinity and lower disease pressure occur. Seed
from upstream may not have undergone natural selection for Dermo-resistance. The choice of
oysters for breeding programs in the future should consider not only the area where the brood
stock resides, but also the area from which it originated as planktonic larvae.

Conversely, the LHB stock, the “susceptible” G ulf stock, performed comparably to the
“resistant” G ulf stocks, and outperformed the Chesapeake stocks. Hackberry salinities are
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generally lower than those o f Grande Terre, and P. marinus infections are uncommon there. The
existence of the parasite in the G ulf for several decades, along with the fact that even occasional
dry conditions allows the spread o f the parasite into most oyster beds indicates that some
selection pressure could have been placed on a Hackberry Bay stock. Ford and Tripp (1996)
mention that they found it odd that there were no reports o f resistant stocks from the G ulf region
at that time. It is possible that all G ulf oysters have some degree o f resistance, and that relative
differences between stocks are slight, as evidenced in this study.

Bushek and A llen’s study (1996) concluded that there was a difference between Louisiana and
Chesapeake oysters in their responses to P. marinus, but only examined one stock from each of
four very distinct and distant populations. The results o f this study not only support their
findings, suggesting genetic variation in disease resistance across geographic regions, but also
show statistically significant variation in mortality and infection intensity among stocks within a
geographic region.

Nature of Resistance
Examining the relative progression and regression o f infection in resistant stocks gives a better
understanding into the nature o f resistance (Ford et al. 1999). Overall disease resistance can be
due to increased resistance to initial infection, increased clearance of parasite cells, or increased
tolerance to existing infection. Initial resistance may consist o f any number o f strategies that
inhibit the parasite’s ability to infect the organism, including parasite avoidance (difficult for a
sessile organism), physical and physiological barriers. The process by which a host eliminates
infective parasites might be a very different mechanism, such as increased efficiency in
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hemocyte recognition o f the parasite, increased phagocytic ability in hemocytes, or increased
hemocyte numbers. Tolerance o f the parasite could be the result o f factors other than oyster
defense mechanisms, including increased growth (Choi et al. 1989).

If a particular stock were resistant to initial infection, parasite prevalence should be relatively
lower for that stock initially, and frequency distributions for the resistant stock should be
grouped around zero. While there was some variation in Perkinsus prevalence among stocks,
with Chesapeake stocks generally having lower prevalence than G ulf stocks in early samplings,
that variation was not consistent between the two sites, or over time. Initial differences in
prevalence were possibly due to the imprecision o f low parasite cell counts (the mean November
parasite count was 23 cells per sample) and potential false negatives in all samples rather than
real differences between stocks (Bushek et al. 1994). Similarities in prevalence o f P. marinus
infections among stocks suggest that there was little variability in initial resistance.

Chesapeake stocks had lower prevalence of P. marinus infection in November 1999, suggesting
they are resistant to initial infection o f the parasite. There are a number o f alternative
hypotheses, however. As stated in the M ethods section, G ulf stocks were slightly older and
larger than Chesapeake stocks, at deployment. The G ulf stocks, therefore, and had been exposed
to raw water, and potentially P. marinus, for a greater period o f time prior to the first disease
diagnosis in Novem ber 1999. Additionally, because G ulf oysters were larger, they would have
filtered more water, and thus, could have ingested a greater number o f parasites. Andrews and
Hewett (1957) determined that a critical minimum number o f parasite cells was necessary for
infections to occur.
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Chesapeake stocks did not have consistently reduced prevalence levels in spring 2000, further
diminishing the credibility o f the idea that they were resistant to initial infection. As noted
previously, February 2000 prevalence for Grand Isle was slightly lower in Chesapeake stocks
than in G ulf stocks. In March, prevalence for stocks from both regions increased, but
Chesapeake prevalence was nearly double that o f the G ulf stocks. In any case, any differences in
initial prevalence values favored the Chesapeake stocks over the G ulf stocks, but overall
infection intensities and mortality were lower in G ulf stocks. If initial infection resistance were
important in overall resistance, then G ulf stocks, not Chesapeake stocks, would have exhibited
lower initial prevalence. While it is possible that G ulf stocks at Grand Isle exhibited increased
resistance to initial infection, there was no such evidence at Grande Terre.

If resistance were a result o f the host’s increased ability to clear parasites, then a resistant stock
might show a marked decrease in parasite counts, and possibly a decrease in prevalence,
compared to other stocks. It is unclear if any stock was better able to rid itself o f parasites, as
average body burdens and prevalence were greatly reduced from November 1999 to February
2000 for all stocks. Similarly, while infection intensity decreased in all stocks slightly coincident
to cooler temperatures occurring during fall 2000, G ulf stocks don’t appear to have more rapidly
declining intensities. Also, consistent with the findings o f Ford et al. (1999), examination o f
frequency distributions for parasite body burdens in individual oysters also shows that even
when overall intensity levels declined during winter 1999-2000, extreme outliers were found in
all stocks.
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While no stock appeared to be better able to resist initial infection, or decrease infection
prevalence or intensity, G ulf stocks did appear to have slower increases in intensity. Winter
1999-2000 body burdens were similar for all stocks, but while average P. marinus body burdens
for Chesapeake stocks were often approaching 108 cells/g ww by summer 2000, average body
burdens for G ulf stocks never exceeded the 106 value considered lethal (Choi et al. 1989, Bushek
et al. 1994, Ford et al. 1999). Frequency distribution diagrams o f parasite counts in individual
oysters also indicated that at both sites, most G ulf oysters tended to have body burdens below the
lethal 106 level. The ability to keep body burdens at sub-lethal levels could be a result of
increased clearance o f parasite cells by G ulf stocks, but if so, then it would seem to follow that
there would be a greater reduction in infection intensity. No such reduction was observed. It is
also possible that resistance in G ulf stocks may result from an ability to better tolerate the
parasite, possibly by out-competing and out-lasting the parasite (Ford & Tripp 1996; Choi et al.
1988). If so, and if resistant oysters were more efficient in obtaining food, or in assimilating
their food, and were better able to out-compete the parasite than susceptible oysters, then one
would expect that the resistant oysters would show increased growth when parasite pressure was
reduced. This also was not observed, as growth was not significantly greater in G ulf oysters than
in Chesapeake oysters, until disease pressure increased. With no clear indications o f increased
resistance to initial infection, ability to reduce parasite loads, or increased capacity for growth, it
remains unclear if resistance is the result o f any action or increased ability in resistant oysters.

Evolution of Resistance
Numerous studies have concluded that Perkinsus epizootics are controlled, in part, by
environmental temperature, at both the individual oyster and population levels (reviews in Ford
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and Tripp 1996; Chu 2001). Generally, as temperature increases above 20°C, parasite
proliferation and oyster mortality increase (Andrews and Hewett 1957). The temperature over
the course o f this study never measured below 15°C at either site, and was only below the
critical point o f 20°C for about four months. Historical data indicate that average temperatures
at Grand Isle are at or below 20°C for three to four months each year (National Ocean Service
[NOS] 2004). Typically, then, the environmental conditions favor the parasite for about eight
months. Because infections can progress within individual oysters in a m atter o f weeks, and
within whole beds and populations over a few months, parasite intensity should be high for most
o f the year (Andrews & Hewatt 1957, Mackin & Sparks 1962, Andrews 1988, Burreson &
Paynter 1991). The chance o f a population or an individual not being subjected to P. marinus at
some time during they year would be very slight. Such intense pressure would naturally select
for disease resistance.

In contrast, Chesapeake temperatures follow a very different pattern. Over the two-year period
o f the reciprocal Chesapeake study, water temperatures declined well below 15°C, and in the
second year, were below freezing for several days on end (See Encomio et al. in prep). During
either year, temperature measurements only exceeded the critical point o f 20°C for four to five
months, roughly half the time found in the G ulf study. Historical data from VIMS (2004) and
NOAA (2004) indicate that Chesapeake temperatures were close to the long-term averages.
Therefore, in contrast to the G ulf interaction, in the Chesapeake, the environment favors the host
for the better part o f the year, or at least, doesn’t favor the parasite. The parasite’s opportunity to
infect, progress, and reproduce within individual oysters, and then spread to other oysters is
greatly reduced from that o f the G ulf parasite population. As a result, Chesapeake oysters are
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under less constant pressure than their G ulf counterparts. There is a greater chance they will not
be infected, or if they are, there is a possibility that the temperature will drop before the disease
can fully progress. It is possible that a population or an individual would not be exposed to the
parasite during a given year. Without constant disease pressure, individuals could survive that
would not be resistant, and therefore, across the population as a whole, there would be less
selection for resistance. The role o f environment in host resistance is not without precedent.
Ewald (1994) notes that environmental conditions play a large role in the development o f host
resistance and parasite virulence in host/parasite interactions between humans and influenza
virus, and between humans and malarial parasites.

Salinity is a second climatic attribute that may contribute to variation in the development o f
resistance. Andrews and Ray (1988) noted that lower salinity waters tend to provide a refuge for
oysters, and that oysters from low-salinity areas would be assumed to have reduced resistance,
in this study, all Chesapeake stocks came form waters o f lower salinity than their G ulf
counterparts, and would have been expected to have experienced reduced disease pressure as a
result. Even the highest salinity Chesapeake stock tested, the CTS stock, came from an area that
typically experiences less than 25ppt, compared to the G ulf stocks, which routinely experience
30-35ppt in their native environment, and would have been expected to have had a history of
strong disease challenge.

Another possible explanation for the evolution o f increased resistance to P. marinus among G ulf
oyster rests with the parasite itself. Bushek and Allen (1996) concluded that there exist different
races or strains o f P. marinus. Reece et al. (2001) also determined that there were three different
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major genotypes, a Northeast Atlantic strain, a Southeast Atlantic strain, and a G ulf Coast strain.
G ulf oysters would have developed resistance to the G ulf parasite strain. Chesapeake oysters
may have developed resistance to either or both o f the Atlantic strains, but not to the G ulf strain,
placing them at a disadvantage in a common-garden study conducted in the Gulf, challenged by
the G ulf Perkinsus strain. This is discussed further in Chapter 3.

Implications and Applications
Implications for developing Dermo-resistant breeding programs are apparent. The initial choice
o f stock, at least at a regional level, might make a difference. Clearly a Gulf-based hatchery
might utilize broodstock o f G ulf origin. Less clear is how important stock selection is within a
region. While LGT oysters had statistically lower mortality, such a slight difference may be
unimportant, biologically. The difference between 17% and 22% loss, in the case o f Louisiana
stocks, is relatively minor from a commercial perspective. However, any wild stock having
increased resistance would be a superior candidate for a disease-resistance selective breeding
program. Previous experience with broodstock from various Louisiana origins indicates that
hatchery seed from LGT broodstock does perform better than other Louisiana broodstock in
general, exhibiting increased survival. Louisiana State University plans to continue to use LGTs
in its own breeding program (Dr. J. Supan, LSU, pers. comm.).

Although no studies examining the economic benefits o f using enhanced seed in the G ulf exist,
such benefits seem obvious. Melencon and Condrey (1988) examined the economics o f oyster
culture in Louisiana, as it exists today - the transplanting o f wild seed from state seedbeds to
privately held lease grounds. They noted that the ratio o f adult oysters harvested to seed oysters
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transplanted varied by an order o f magnitude among beds held by individual growers, or between
individual growers. Because oystermen must currently plant several grounds in varying salinity
regimes, average ratios are generally below one bushel harvested for every bushel o f seed
planted, a level considered the economic break-even point (Melencon and Condrey 1988; Ray
1996). Supan et al. (1999) estimated that at a 25% survival rate, the use o f hatchery-produced
oyster seed proved economically feasible. LGT oysters exhibited survival rates around 75%, at
sizes well beyond market size. Using enhanced, disease-resistant seed such as LGTs would
elevate yields in disease-prone areas, and reduce the pressure to plant in low-salinity waters that
run the risk o f having high mortalities and slow growth due to excessive inundation.

Extending beyond the G ulf o f Mexico, Atlantic Coast breeding programs wishing to increase
Dermo resistance in existing hatchery lines should consider crossing their current strains with
Louisiana stocks, and even developing new lines based primarily on G ulf stock. Additionally,
such development should take place, at least to some extent, against the greatest disease pressure.
Hatchery strains with proven MSX-resistance could potentially develop greater Dermoresistance by being grown in the G ulf for a number o f generations, rather than entirely in a local
setting. Along these lines, beginning in 2001, LGT Fi broodstock were crossed with DEBY
animals to increase Dermo resistance in this mostly MSX resistant strain. Some commercial
growers in Virginia currently use hatchery strains derived from Louisiana broodstock (K.
Kurkowski, Middle Peninsula Aquaculture, pers. comm.).
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TA BLE 1.
Spaw n d a ta w ith effective population size of Ne= 4NmNf/(Nm+Nf) (W right 1933)
Stock

Site of O rigin

# M ales

# Fem ales

Eff. Pop. Size

CCR

Choptank River, MD

6

3

8

CRB

Lower Rappahannock
River, VA

3

7

8.4

CTS

Tangier Sound, VA

4

2

5.3

LGT

Grande Terre, Jefferson
Parish, LA

7

10

16.5

LHB

Hackberry Bay, Jefferson
Parish, LA

7

14

18.7

LOB

Oyster Bayou, Cameron
Parish. LA

8

10

17.7

XB

Haskins Shellfish Lab,
Rutgers Univ, NJ

10

9

18.9
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TABLE 2.
Perkinsus marinus monthly average body burden levels by source, CHES (Chesapeake),
GULF, and XB. P-values result from ANOVA with Bonferroni-corrected pair-wise
comparisons.

G ra n d e T erre

G ran d Isle

Date

Nov-99

Feb-00

Mar-00

May-00

Jul-00

Oct-OO

Dec-00

Brood-stock
Origin

Average
Count
(cells/g)

Origin se

CHS

4.69E+03

3.62E+03

GLF

9.20E+03

8.27E+03

XB

1.57E+02

1.06E+02

p Value
Between
Origins

0.378

p Values for
Pairwise
Comparisons

Average
Count
(cells/g)

Origin s.e.

CHS

GLF

-

0.811

5.04E+02

1.24E+02

-

-

1.61E+03

9.58E+02

1.000

0.726

4.19E+02

3.09E+02

-

1.000

2.20E+04

i 80E+04

-

-

1.77E 03

1 73E+03

p Value
between
Origins

0.557

p Values for
Pairwise
Comparisons

CHS

GLF

-

0.811

-

-

0.886

0.726

-

1.000

-

-

CHS

2.52E+04

1.40E+04

GLF

2.32E+04

1.44E+04

XB

1.45E+05

7.23E+04

1.000

1.000

1.55E+03

1 54E+03

0.343

1.000

CHS

1.17E+06

5.42E+05

-

0.027

6.95E+02

4.86E+02

-

0.027

GLF

5.72E+04

4.27E+04

-

-

1.17E+01

3.91E+00

-

-

0.838

0.007

0.256

0.027

XB

4.12E+06

4 01E+06

0.885

0.019

1.34E+04

1.33E+04

1.000

0.019

( 115

3 49E+06

6 45E+05

-

0.018

1.98E+06

1 29E+06

-

0.018

GLF

2 69E+05

9 82E+04

-

-

6.97E+03

4.30E+03

-

-

XB

2 53E+06

8 15E+05

0.618

0.928

9.00E+04

8.84E+04

1.000

0.928

CHS
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Fig. 1. Stock collection (stars) and deployment (circles) sites in Louisiana, Gulf of Mexico
(top), and Chesapeake Bay (bottom)
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Fig. 2. Experimental Design. Two replicates of 800 oysters each were deployed for each
stock. Three Gulf stocks include Grande Terre (LGT) and Oyster Bayou (LOB), putative
naturally Dermo resistant stocks, and Hackberry Bay (LHB), a susceptible control.
Chesapeake stocks include putative naturally Dermo resistant Rappahannock River (CRB)
and Tangier Sound (CTS), and a susceptible control, Choptank River (CCR).
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Fig. 3. Salinity and temperature data for Grand Isle (❖) and Grande Terre (A)
deployment sites. Grande Terre usually experiences greater salinity fluctuations from
Mississippi River freshets. During this experimental period, however, low rainfall kept
salinity values fairly constant, ensuring a heavy Dermo challenge.
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Fig. 4 - Monthly Shell heights in miilimeters for Grand Isle (top) and Grande Terre
(bottom). CCR: p Ap , CRB: p Ap , CTS: p Ap , LGT:
LHB:
LOB: -A -,
XB:— * —.
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Fig. 5 - Total growth in mm for Grand Isle (top), and Grand Terre (bottom). Stocks with
similar letters (A,B) do not differ significantly in growth.
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Fig. 6. Monthly % prevalence of P. marinus infections for Grand Isle (top), and Grande
Terre (bottom). Chesapeake stocks: putative naturally Dermo resistant Rappahannock
River (CRB * ) and Tangier Sound (CTS ▲) stocks, and a susceptible control, Choptank
River (CCR * ); Gulf stocks: putative naturally Dermo resistant stocks - Grande Terre
(LGT -* -) and Oyster Bayou (LOB -A-), and a susceptible control, Hackberry Bay (LHB *-). Also included is the hatchery strain CROSBreed (XB -H4-).
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Fig. 7. Mean Perkinsus marinus body burden levels of oysters for combined Gulf (- -)
and Chesapeake ( * ) stocks with XB strain ( - * - ) for Grand Isle (top) and Grande Terre
(bottom) sites. Note that Chesapeake and XB values reach levels greater than 106
cells/gram, considered to be the minimum lethal concentration.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

0 H

1----------- 1-----------1----------- 1-----------1----------- 1----------- 1

N ov- Jan- M ar- M ay- Jul-

99

00

00

00

00

Sep- Nov-

00

00

8
6
- & '

N ov- Jan- M ar- M ay- Jul-

99

00

00

00

00

Sep- Nov-

00

00

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

71

Fig. 8. Frequency distribution diagrams for Perkinsus marinus body burdens in individual
oysters by month for Grand Isle. Stocks are grouped by geographic region: CHES - black;
GULF - white; XB - gray
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Fig. 9. Frequency distribution diagrams for Perkinsus body burdens in individual oysters
by month for Grande Terre. Stocks are grouped by geographic region: CHES - black;
GULF - white; XB - gray
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Fig. 10. Cumulative mortality by stock for Grand Isle (top), and Grande Terre (bottom):
Chesapeake putative naturally Dermo resistant stocks - Rappahannock River (CRB) and
Tangier Sound (CTS, and a susceptible control, Choptank River (CCR); Gulf putative
naturally Dermo resistant stocks - Grande Terre (LGT) and Oyster Bayou (LOB), and
susceptible control (LHB). Also included is the hatchery strain CROSBreed (XB).
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CHAPTER III.
NATURAL DERMO RESISTANCE IN AMERICAN OYSTERS CRASSOSTREA
VIRGINICA: COMMON GARDEN EXPERIMENTS IN CHESAPEAKE BAY

ABSTRACT
Efforts to restore depleted oyster stocks in Chesapeake Bay have been hindered in large part by
the pressure from Dermo disease. The identification and verification o f wild stocks with natural
Dermo resistance would benefit current restoration efforts, which rely on selectively-bred
hatchery strains. Results from a common-garden experiment conducted Chesapeake Bay from
fall 1999 to late 2001 confirm those from a similar study in Louisiana (Chapter II). G ulf stocks
had lower P. marinus body burdens than did Chesapeake stocks at both test sites (Kinsale and
Regent), and disease-related mortality in G ulf stocks at Kinsale was lower than in Chesapeake
stocks. Mortality at Regent was confounded by the presence o f MSX at that site, but P. marinus
body burdens in G ulf stocks remained below lethal levels until the very end o f the experiment,
suggesting that mortality in those stocks was not attributable to Dermo disease. Additionally, in
the Chesapeake study, while G ulf stocks showed little variation in disease levels or survival,
there were dramatic differences among Chesapeake stocks in disease prevalence, intensity, and
stock survival at both sites as CRB (Rappahannock River) oysters had high disease intensity and
mortality compared to CTS (Tangier Sound) oysters. Although differences among stocks in
MSX prevalence and intensity were not statistically significant at Regent, they were higher in
CRB than in CTS at Regent suggesting that CTS oysters may also have resistance to that disease.
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INTRODUCTION
The collapse o f the Chesapeake Bay oyster industry has created a growing interest in large-scale
oyster aquaculture in the region over the last decade. Initial culture efforts in Chesapeake Bay
consisted o f a few non-commercial oyster “gardeners” who placed hatcheiy-produced seed
oysters in floating baskets at their private docks (Brumbaugh, et al. 2000; Stickler and Allen
2000). A number o f commercial clam growers also experimented with hatchery-based oyster
culture, using strains developed in the Northeast, as well as hatchery-produced seed from local
broodstock (K. Kurkowski, Middle Peninsula Aquaculture, pers. comm.). In the late 1990’s, the
Virginia Marine Resources Commission (VMRC) conducted a pilot program, providing
commercial oyster harvesters with hatchery-produced seed (Dr. J. Wesson, VMRC, pers.
comm.). While small-scale growers enjoyed some success, large-scale hatchery-based oyster
culture was not commercially viable, due to high labor and equipment costs, and heavy disease
related mortality (Dr. M. Luckenbach, VIMS, pers. comm.).

The importation o f superior nursery and grow-out technologies to Chesapeake Bay has renewed
interest in commercial oyster culture. Additionally superior hatchery-based seed with increased
disease resistance have been developed (Ragone-Calvo et al. 2003). In the last few years, using
new technologies and improved disease-resistant hatchery seed, nearly one dozen full-scale
production oyster farms have arisen. A survey o f production indicates that these farms are
currently on target to produce nearly 5 million individual oysters during the 2004-2005 season.
At an average count o f 250 oysters/bushel, that equals nearly 20,000 U.S bushels. By the 20052006 season, it is likely that the commercial aquaculture industry in Virginia could potentially
out-produce the wild harvest industry, which has averaged about 25,000 bushels per year over
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the last decade (Stickler unpub. data; VMRC commercial landings data 2004). These farms are
still in the process o f ramping up to their potential, and the outlook is promising, but guarded.

In addition to their commercial value, the ecological importance o f oysters and oyster reefs has
led the Chesapeake Bay Program, a consortium o f regional and federal policy makers, to make
oyster population and reef restoration a major part o f its mission (Chesapeake Executive Council
1994, 2000). By utilizing the resources o f the M aryland Department o f Natural Resources, the
Virginia Marine Resources Commission, the U.S. Army Corps o f Engineers, private
organizations such as the Chesapeake Bay Foundation, and research facilities at the University o f
M aryland Center for Estuarine Studies, and the Virginia Institute o f Marine Science, the Bay
Program has constructed over two dozen artificial oyster reefs on historical reef footprints
(Wesson et al. 1999). These rebuilt reefs are populated with a combination o f adult oysters
collected from the wild, and cultured seed oysters produced from both wild broodstocks and
hatchery-developed strains artificially selected for resistance to both M SX and Dermo diseases
(Brumbaugh et al 2000, Stickler and Allen 2000, Allen et al. 2003). However, the development
o f commercial aquaculture and the restoration of long-term, self-sustaining reefs in Chesapeake
Bay depends on the development and verification o f disease-resistant strains exhibiting increased
survival in the presence o f both Dermo and MSX diseases.

There are additional concerns with developing hatchery-based oyster restoration. One such
concern is that hatchery-based populations are often inbred, that is, they originate from a limited
number o f individuals, and have limited genetic variability. M odeling studies indicate that the
introduction o f large numbers o f hatchery-produced individuals from in-bred strains can have a
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negative effect on the genetic variability o f the wild population (Ryman and Laikre 1991;
Tringali and Bert 1998; Hedgecock and Coykendall, 2004). There is already some concern that
the two main hatchery strains (DEBY and XB) being used for restoration and commercial
aquaculture in Chesapeake Bay have severely limited genetic variability (Reece, et al. 2004).
Typically genetic variability can be increased in hatchery populations by out-crossing them with
individuals from wild populations. However, in the case o f oysters in the Chesapeake Bay, if the
wild oysters aren’t disease resistant, then out-crossing with them may lessen the disease
resistance in the hatchery strain, thus eliminating the reason for using artificially selected oysters
in the first place. An effective method o f increasing genetic variability within hatchery strains
without decreasing disease resistance would be to incorporate oysters from wild stocks that have
been naturally selected for disease resistance. Before such animals can be utilized they must be
identified and their putative resistance verified.

One particular series o f events clearly indicates the need for evaluating these so-called naturally
Dermo resistant stocks. In 1996 large quantities o f oysters well over three inches were found in
Tangier Sound, on the eastern Virginia side o f Chesapeake Bay. The size o f these oysters was
exceptional, suggesting that they had been growing several years, and had, therefore, survived
multiple bouts o f disease. One obvious reason Tangier oysters were larger is that they had been
unharvested for a number o f years, allowing the population as a whole to grow, but the fact that
these large unharvested oysters survived at least three possible Dermo epizootics was intriguing.
After initially voting to open Tangier Sound to commercial harvest, the VMRC responded to
comments from scientists from VIMS and the Chesapeake Bay Foundation that the oysters
should be used as broodstock on newly restored reefs, and also be made available for research.
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The end result was that VMRC permitted the fishing o f these oysters, but then bought the harvest
back from the oystermen. These buy-back oysters were then distributed on a re-built reef in the
Great Wicomico River in Lancaster County, Virginia in late 1996 (Mann and W esson 1997;
Morales-Alamo and Mann 1998. Southworth and Mann 1998).

The next year, spat fall on the Great Wicomico River reef was at record levels. Through
underwater observations and sample collections, VIMS and VMRC scientists concluded a nearly
hundred-fold increase in spat for the area over previous years (Morales-Alamo and M ann 1998;
Southworth and Mann 1998). In addition to an extensive set, initial disease mortality was low in
the transplanted adults. These signs were promising in two ways. First, the large set indicated
the benefit o f aggregating oysters to facilitate mass spawning, potentially helping oysters
reproduce in greater numbers (Mann 2000). Second, the low mortality in transplanted adults
indicated potential disease resistance, although proper controls were lacking. The buy-back
program was repeated in 1997, this time with the harvest distributed over reefs in the Great
Wicomico and Piankatank rivers on the W estern Shore, and Puncoteague Creek on the Eastern
Shore. Sampling by VMRC indicated that there were several other native stocks o f large oysters
in the Bay (Dr. J. Wesson, VMRC, pers. comm.) in addition to the Tangier population. Similar
reports of residual populations o f large "resistant" oysters came out o f the G ulf o f Mexico,
specifically Grande Terre, Cameron Parish, and Fourchon areas (Dr. J. Supan, LSU, pers.
comm.). These “resistant” oysters were called “Superoysters” without substantiation, based on
size alone.
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Putative Dermo resistance initially made Tangier Sound oysters and similar populations a major
hope for restoration efforts o f Virginia oyster populations. Statewide management decisions
were made based on this assumption and the repopulation o f reefs relied on these oysters (Mann
and Wesson 1997; Southworth, et al. 1999; Mertz 1999). Chesapeake Bay oyster growers called
for brood stock from Tangier Sound and other “resistant” populations, most notably Lynnhaven
and Rappahannock Rivers (K. Kurkowski, Middle Peninsula Aquaculture, pers. comm.). It
seemed that the B ay’s oyster problems were solved, but hope was short-lived. W ithin two years
after being initially planted on reefs, the Tangier Sound oysters that had been transplanted to the
Great Wicomico river reefs began experiencing high disease intensity, and heavy mortality
(Southworth, et al. 2000). Hatchery oysters produced from the above broodstocks faired poorly
during grow-out at a number o f sites around Chesapeake Bay, and Rappahannock oysters
performed so poorly that many growers lost their entire crop in less than two years. A workshop
on hatchery-based reef restoration held in Gloucester, Virginia in September 2000 concluded
that, “There seems little value in restoration programs in the Chesapeake Bay based primarily on
hatchery production from wild brood stock... [and] unless proven o f value for their longevity in
the face o f disease pressures.. .wild brood stock likely will be o f limited use for restoration... ”
(Allen and Hilbish 2000). Identifying and verifying disease resistant wild stocks, then, would
make them a viable option for use in restoration efforts.

In the Louisiana experiment described in Chapter 2, there were substantial differences in disease
intensity and survival between Fo progeny from wild broodstocks from Chesapeake Bay and the
G ulf o f Mexico, confirming the findings o f Bushek and Allen (1996). Also, the use o f both
putatively resistant and susceptible populations from within individual geographic regions in the
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Louisiana study demonstrated variation within a region as there were small, but significant
differences in disease intensity and mortality among Chesapeake stocks. However, To be of use
in commercial or restoration hatchery programs in the Chesapeake Bay, or on the East Coast,
wild stocks should exhibit increased survival in environmental conditions characteristic to the
region. This study describes a common-garden experiment that was conducted in Chesapeake
Bay, and that compared the disease resistance o f the same putatively disease-resistant and
susceptible wild stocks from the G ulf o f Mexico and the Chesapeake Bay used in the Louisiana
study described in Chapter II.

METHODS
Stock Collection, Spawning and Nursery
Stock identification, collection, spawning was as described in Methods, Chapter II. Seed was
obtained from the following stocks (stock designators in parenthesis): Louisiana - Grande Terre
(LGT), Oyster Bayou (LOB), and Hackberry Bay (LHB); Chesapeake Bay - Choptank River
(CCR), Rappahannock River (CRB), and Tangier Sound (CTS); and the positive control hatchery
strain CROSBreed (XB). Larvae developed eyespots, indicating they were ready to
metamorphose and set approximately 12-16d after spawning. Larvae were set using epinephrine
according to standard protocols modified from Coon et al. (1986). Spat were nurseried in
downweller systems until they remained on 750p grading screens, when they were transferred to
upweller systems. Seed were not measured individually prior to deployment, but size estimates
were made based on the size o f grading mesh on which they were retained. Seed were
considered large enough for field deployment when they were retained on a 2mm2 mesh screen
indicating that they were at least 2.8mm long. In September, the seed was placed in small-mesh
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bags, secured in 2 ’x4’ Taylor floats - wire mesh baskets suspended from 4” diameter PVC pipe
ring (Luckenback et al. 1997) - at Port Kinsale Marina, on the western Yeocomico River,
W estmoreland County, Virginia. Because some seed were still smaller than 2mm, all seed were
kept at Kinsale, a low wave energy environment, for an extended in situ nursery phase prior to
full deployment.

Grow-out
In December 1999 two replicates o f each stock, ~800 animals per replicate were deployed in 2 ’x
4 ’ Taylor floats, one replicate per float, at two sites in the Chesapeake Bay: Port Kinsale Marina
and Regent Point M arina (Locklies Creek, Middlesex County, Virginia; see Fig. 1). These sites
were selected because their salinities (10-16 ppt) were thought to be high enough to allow strong
Perkinsus pressure, but low enough to limit the presence o f MSX. Throughout the grow-out
phase (until Novem ber 2001), monthly salinity (at or around low tide) and temperature were
recorded, oysters were counted to estimate survival, shell heights were measured (25 per
replicate), and stocks were monitored for general condition. Sites were sampled December 1999,
March 2000, and monthly thereafter through November 2000, and beginning again in March
2001, and then approximately monthly from M ay through November 2001.

In 2000 mortality and growth data were gathered, and P. marinus infection levels were measured
for all seven stocks. Although I continued to monitor mortality and growth for all stocks
throughout the experiment, only four stocks were selected for continued body burden analysis in
2001 to make workloads more manageable. Based on year-one data, the four stocks selected
best represented the variation among stocks, i.e., resistance and susceptibility. They included
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CRB, which had the highest overall infection levels and mortality, CTS, which was the best
performing Chesapeake stock, LOB, representing Louisiana stocks. In general, there was little
difference between the three Louisiana stocks. We also selected the MSX resistant hatchery
strain, XB.

Sample processing
At each sampling, twenty-five oysters from each replicate were removed and stored on ice for
use in diagnosing disease infection levels, and measuring associated defense activities (reported
in Chapter IV). Ten o f the 25 oysters sampled from each replicate were notched with a 25-cm
circular saw immediately upon returning to the lab to gain access to the adductor muscle for
hemolymph samples. All oysters were placed in aerated, salinity-adjusted York River water
(YRW), and chilled overnight to clear debris from the notching process. The following day,
notched oysters were bled with 23g needles on 3ml syringes prior to dissection and processing
for body burdens. Hemolymph was dispensed immediately into test tubes, and placed on ice for
later use in defense-related assays. After bleeding, oyster shell heights were measured, tissues
were removed, and viscera were bisected longitudinally so that two equal portions were
obtained. For body burden analysis, one portion was weighed and homogenized in 0.22pm
filtered YRW. A 1ml aliquot o f the homogenate was placed in 10 ml Alternative Fluid
Thioglycollate M edium (AFTM), a growth medium that enhances enlargement but not
proliferation o f Perkinsus cells (Nickens, et al. 2001), and the remaining homogenate was re
weighed to determine the aliquot mass. The remaining portion was weighed and freeze-dried for
tissue analysis being conducted as part o f a parallel study (Encomio, et al. submitted). Four
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additional animals from each replicate were dissected and a cross-section through the digestive
gland was fixed in 10% Davison’s solution for later histological diagnosis o f MSX.

Perkinsus Body Burden Analysis
The body burden assay was conducted as described in Chapter II with one variation: following
the final washing, lOOpl aliquots o f each sample were dispensed into 96-well plates rather than
onto filter paper. Plate wells were scanned using an inverted microscope to ascertain if serial
dilution was necessary in the case o f heavily infected animals, then Lugol’s iodine was added to
wells, and parasite cell counts were taken using an inverted microscope.

Statistical analysis
All statistical analyses were similar to those described in Chapter II, and were run using
Statistical Analysis System, SAS, version 8 (SAS Institute, Cary, NC, 1999). To determine
growth, the prior sam pling’s average shell height for each replicate was subtracted from the
current sampling’s average shell height, and replicate averages were data points for statistical
analyses. Analysis o f growth consisted o f analysis o f covariance (ANCOVA), with stock (LGT,
CCR, etc.) and date as fixed factors, and initial shell height as the covariate. Using the “By”
statement in SAS, ANCOVA were separated for each grow-out site (Grand Isle, Grande Terre).
The model statement was incremental growth = stock + date + initial shellheight (covariate) by
site. Individual pair-wise comparisons o f all stocks were made, adjusted for Bonferroni
corrections (ZAR 1999). Total growth was determined by subtracting the average shell height
value at pre-deployment from that at final sampling. ANCOVA was run with stock as the factor,
and initial shell height as the covariate, separated by site. Individual pair-wise comparisons
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between stocks were made using Bonferroni corrections.

Perkinsus infections intensities, determined by total body burden, were defined as number of
parasite cells/g wet weight o f oyster tissue (cells/g ww; Bushek and Allen 1996). Because
individual oyster body burdens varied by orders o f magnitude, all counts were log-transformed
before statistical analysis (Choi et al. 1989, Gauthier & Fisher 1990, Bushek et al. 1994, Bushek
& Allen 1996), eliminating heterogeneity o f variance (Fmax test, p = 0.05). Analysis o f disease
intensity consisted o f analysis o f variance (ANOVA), with replicate (1,2,3,4) for each stock
(CCR, LGT, etc.) at each site (Grand Isle, Grande Terre) using the model: Logcount = stock
(n=3) + replicate (n=25), nested within stock. Using the “by” statement in SAS, ANOVA were
separated by grow-out site (SAS Institute 1999). Individual pair-wise comparisons were made
between all stocks, adjusted for Bonferroni corrections. While ANOVA o f P. marinus infection
intensity was conducted using log-transformation o f parasite counts, values reported in the test
and shown in graphics are actual parasite counts, expressed as number parasite cells/grams oyster
wet weight (cells/g ww).

Disease prevalence and cumulative mortality were analyzed using contingency table analysis, in
which table values were evaluated for agreement with Chi-square values. Replicates were pooled
for table analysis, and table values were compared among stocks within and between regions,
while controlling for grow out site (Burreson 1991; Zar 1999). Column values for prevalence
were number o f oysters infected and number uninfected. Column values for mortality were
number alive and number dead. Row values for prevalence and mortality were stock names.
Contingency table analysis was used rather than ANOVA o f arc-sine transformed data because
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ANOVA using arc-sine transformation is inaccurate with high or low percentages (Zar 1996).
Several stocks in this study experienced either high mortality or low Dermo prevalence, making
the use o f contingency tables more appropriate in determining significant variation in mortality
among stocks.

RESULTS
Temperature and Salinity
Water temperature varied seasonally at both sites, with only slight differences between sites at
most sampling dates (Fig. 2). One notable exception was that the March 2000 temperature at
Kinsale was 18°C, while the temperature at Regent measured 14°C. For all other sampling
dates, temperatures from the two sites were comparable. Data from nearby water quality
monitoring sites at Nomini Creek o ff the Potomac, and Urbanna Creek o ff the Rappahannock,
indicate that the average temperatures during the first year o f the experiment were not extreme
(Alliance for the Chesapeake Bay, 2003). Temperatures over the winter o f 2001 were much
lower than those o f the previous year, with January temperatures o f 0°C at Regent, and 3°C at
Kinsale. Additionally, marina employees at both sites noted that surface ice had appeared a
number o f times over the winter, but that it was not more than 2-3cm in thickness. Temperatures
remained low through March, and only exceeded 15°C for the May sampling at Regent. Data
from nearby monitoring sites was similar to that at the test sites. Temperatures were lower than
average for December through February (Alliance for the Chesapeake Bay, 2003).

Salinity varied between the two sites, with Regent salinities generally higher throughout the
experiment (Fig. 2). Regent salinity ranged consistently from 14-16 ppt excepting spring 2000,
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when it dipped to 12 ppt. Kinsale salinity varied between 10 and 14 ppt, only reaching 15 ppt on
one occasion, during the September 2001 sampling. Salinity followed typical seasonal patterns
over the experiment, except summer 2000, with August salinities at both sites unusually low: 10
parts per thousand ppt. September salinity at Regent rebounded to 16 ppt, but Kinsale salinity
remained low for that month at 10 ppt. M onitoring data from nearby sites also indicates the
experiment was conducted under typical salinity conditions, excepting the lower than normal
salinities during summer 2000 (Alliance for the Chesapeake Bay, 2003).

G row th

Kinsale
Oysters from all three G ulf stocks were a few weeks older than their Chesapeake counterparts,
and so were also larger. Prior to being placed for the nursery stage at Kinsale in September
1999, all G ulf seed was retained on at least 2mm2 mesh, with most G ulf oysters being retained
on 4.76mm2 mesh, indicating that they were at least 6.8mm in length. Except for CRB seed, the
last stock spawned, seed from the Chesapeake stocks and the XB strain were retained on 2mm2
mesh, but few were retained on 4.76mm2 mesh, indicating that most fell between 2.8mm and 6.8
mm in length. CRB were slightly smaller, with only about 80% being retained on 2mm2 mesh,
indicating that a significant number were smaller than 2.8mm in length. Changes in average
shell height (Fig. 3) show that the CRB stock reached an average o f 33.5mm (± 1.0mm standard
error, n=50) by December 1999, growing at a significantly faster rate than other stocks. All
other stocks showed little variation among themselves as averages ranged from 19.3mm
(± 1.2mm) for the X B ’s to 26.0mm (± 1.1mm) for the LOB stock.
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Once seed were distributed between both sites in December 1999, CRB at Kinsale remained
significantly larger than other stocks for the rest o f the study period. September 2000 mean CRB
shell height was 70.5mm (± l.lm m ) compared to means among all other stocks ranging from
54.3mm (±0.8mm) for the CTS stock to 59.2mm (± 1.2mm) for the LGT stock. Mean CRB shell
heights reached a high o f 89mm (± 1.6mm) before they began to decline due to heavy disease
mortality in late summer 2001.

In May 2001 at Kinsale, mean shell heights o f G ulf stocks were greater than those o f Chesapeake
stocks, other than CRB, which measured 83.7 mm (± 1.6mm). LGT measured 77.4mm (± 1.6mm),
LHB measured 69.8mm (± 1.7mm), and LOB measured 72.8mm (±1.6mm), compared to CCR,
which measured 66.1mm (± l.lm m ) and CTS, which measured 63.6mm (±1.7mm). XB oysters,
averaging 67.5mm (± l.lm m ), were similar to CTS and CCR oysters. By October 2001 at
Kinsale, all three G ulf stocks, with LGT at 95.8mm (±1.6mm), LHB at 88.0mm (±1.6mm), and
LOB at 95.8mm (±2.1mm), had significantly greater mean shell heights than Chesapeake stocks,
except CRB, which measured 88.1mm (± 1.8mm). In contrast, the mean shell height for CCR
was 76.1mm (± 1.3mm), and for CTS was 76.4mm (± 1.6mm). XB, at 79.3mm (± 1.3mm), was
again similar to Chesapeake stocks, except CRB. There was statistically significant variation
(ANOVA, pP0.05) in monthly growth between CRB and all other stocks through August 2001,
and between G ulf stocks and CCR, CTS, and XB oysters.

Regent
At Regent, CRB growth also surpassed other stocks through the first year. CRB oysters reached
market size (75mm) by September 2000, with a mean shell height o f 77.9mm (± 1.3mm; Fig. 3),
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while mean shell heights for the other six stocks ranged from 57.6mm (± 1.4mm) for the LH B’s
to 64.8mm (±1.3mm) for the XB. CRB shell heights increased to 95.1mm (±3.1mm) at Regent
by summer 2001, but then declined as larger oysters began to die.

Regent stocks other than CRB showed a different pattern from that at Kinsale. G ulf stocks were
not, in general, larger than Chesapeake stocks. While LGT (October 2001 shell height was
81.6mm, ± 1.6mm) were second in size only to CRB, the other two G ulf stocks were notably
smaller. In fact, the LHB were generally the smallest o f all groups with an October 2001 mean
shell height o f 67.7mm (±1,7mm). The sizes o f the remaining three stocks were intermediate
with LO B’s having an average October 2001 shell height o f 74.1mm (±2.1mm), while CCR was
71.7mm (±2.2mm), CTS was 73.9mm (±1,6mm), and the XB strain was 76.8mm (±1,5mm).
There was statistically significant variation in growth among individual stocks, and individual
pairwise comparisons grouped CRB and LGT oysters together with XB, LOB, CCR, and CTS
oysters, but not with the smaller LHB stock (ANOVA, pP0.05). XB, LOB, CCR, and CTS
oysters, in addition to grouping with the CRB and LGT, also grouped with the LHB.

P. marinus Prevalence
Kinsale
No P. marinus cells were observed in any oyster sampled in December 1999 prior to being split
out to both sites. At the first sampling after full deployment, in M ay 2000, no P. marinus were
found in any oysters o f any stock at either site (Fig. 4).
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Kinsale samples were negative for Perkinsus infections until August 2000, and then showed only
low prevalence. There was no statistical difference among any o f the wild stocks with infections
found in 15-30% (±15% standard deviation, n=2 reps) o f animals, but the XB strain showed high
prevalence with 65% (±5%) infection. By September the wild stocks showed increased
prevalence. G ulf stocks all had higher prevalence than Chesapeake stocks (Fig. 4) with LGT at
35% (±25%), LHB at 40% (±0%), and LOB at 50% (±0%), compared to CCR at 25% (±5%),
CRB at 40% (±10%0, and CTS at 25% (±5%). Prevalence in the XB was 45% (±5%). The
November 2000 sampling showed a reversal in the pattern as prevalence among G ulf stocks
ranged from 65% (±10%) in LGT to 85% (±5%) in LOB, compared to Chesapeake prevalence
which ranged from 90% (±10%) in CRB to 95% (±5%) in both the CCR and CTS stocks. XB
had infection levels comparable to Chesapeake stocks in Novem ber at 90% (±5%).

As noted previously, to reduce workload, body burden analysis was conducted on only three
wild stocks (CRB, CTS, LOB) and the XB strain in 2001, because those stocks best represented
the diversity contained among the original seven stocks. Perkinsus infections were found in
oysters at both sites, with Kinsale values lower than Regent. May prevalence at Kinsale ranged
from 5-15% for all four stocks tested, but June values increased dramatically for CRB at 95%
(±5%), and less so for the remaining three with CTS at 55% (±5%), LOB at 50% (±10%), and
XB at 60% (±10%). By August, 100% o f the oysters tested from CRB, CTS, and XB were
infected, but the LOB stock never showed greater than 90%, ±10% prevalence throughout the
end of the experiment, although this was not statistically different from prevalence for the other
stocks.
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Regent
In contrast to disease infections at Kinsale, June 2000 samplings at Regent revealed the initial
occurrence o f infections with dramatic differences among stocks (Fig. 4), and between oysters of
Chesapeake and G ulf origin (Fig. 5). G ulf stocks showed little variation among themselves,
ranging from 15% (±0%) infection in the LGT stock to 30% (±15%) in LHB. Chesapeake
stocks ranged from 50% (±10%) infection in CCR to 95% (±5%) infection in CTS. XB
exhibited 75% (±25%) infection. By September 2000, nearly all oysters were infected, with
Chesapeake stocks exhibiting 95% (± 5%) infection levels for CCR, and 100% for both CRB
and CTS. G ulf stocks had similar levels with LGT at 95% (±5%), LHB at 100% (±0%), and
LOB at 90% (±10%). The XB strain also had 90% (±0%). By Novem ber 2000 prevalence
began declining slightly as colder temperatures began to occur.

In May 2001, 100% o f CRB oysters were infected, while 50% (±20%) o f the CTS, 40% (±20%)
o f LOB, and 85% (±5%) o f XB oysters were infected. By June 100% o f oysters sampled from
CRB, CTS, and XB were infected and 90%, ±10% for LOB. The August sampling showed
lower prevalence for the LOB stock again at 85%, ±5%. CTS prevalence was 95%, ±5% for
August. All animals were highly infected in both September and October samplings at Regent
(Fig. 4).

P. marinus Intensity
Kinsale
As noted previously, infections were not apparent at Kinsale until August 2000, and then
parasite counts were very low. At no time in 2000 did any stock show averages higher than 104
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cells/g ww (Fig. 6), and few individual oysters had counts as high as 106 cells/g ww in any
sampling at the site. N o stock showed consistently high parasite counts throughout 2000, but
significant differences did occur at specific sampling dates. For example, XB oysters had
significantly higher BB than all other stocks in August (p<0.0001), with 1.7 xlO3 cells/g ww
(±1.4 xlO3 cells/g ww), compared to 1.5 xlO 1cells/g ww (5.0 xlO0 cells/g ww) for Chesapeake
stocks, and 1.2 xlO 1 cells/g ww (3.5 xlO0 cells/g ww) for G ulf stocks. Likewise, for CRB in
September 2000, BB was 1.5 xlO3 cells/g ww (±1.4 xlO3 cells/g ww), while BB was around 101
cells/g ww in all other stocks, including XB. In both cases, the remaining stocks did not vary
significantly from each other. As a whole Chesapeake stocks did have higher infection levels
than G ulf stocks, but variation was not significant until Novem ber 2000, when BB in
Chesapeake stocks were 6.2 xlO3 cells/g ww (±3.5 xlO3 cells/g ww), significantly higher than
those o f G ulf stocks, which were 4.9 xlO2 cells/g ww (±1.6 xlO2 cells/g ww). There were no
significant differences within geographic regions. BB for XB, which was 7.0 xlO3 (±6.2 xlO3)
cells/g ww, was not significantly varied at the p=0.05 level from either G ulf or Chesapeake
stocks.

In 2001 body burdens were measured for only CRB, CTS, LOB, and XB. M ay 2001 data
indicated that Kinsale intensities were less than 103 cells/g ww, with only one CRB oyster
having a BB that high, and stocks did not vary from each other. In June, however, BB in CRB
was 9.3 xlO6 (±4.8 xlO6) cells/g ww, significantly higher than other stocks (p<0.0001), with
CTS at 6.1 xlO4 (±4.5 xlO4) cells/g ww, LOB at 1.3 xlO cells/g ww (±7.0 xlO2 cells/g ww), and
XB at 7.6 xlO 1 cells/g ww (±2.2 xlO 1 cells/g ww).
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By August 2001 at Kinsale, P. marinus intensity in the CRB stock had increased to 2.3 xlO7
cells/g ww (±1.6 xlO7 cells/g ww), significantly greater than all other stocks. XB infection
intensity increased to 1.5 xlO5 cells/g w w (±8.45 xlO4 cells/g ww), similar to CTS at 1.2 xlO4
cells/g ww (±1.1 xlO4 cells/g ww). BB in LOB were the lowest, averaging 4.0 xlO3 cells/g ww
(±1.7 xlO2 cells/g ww), which was not significantly different than that in CTS, due to the high
variation among individuals within the CTS stock. BB in LOB was statistically lower than that
in XB.

Disease intensity in CRB remained significantly higher than all other stocks throughout the rest
o f the experiment, reaching a highpoint o f 8.0 xlO7 cells/g ww (±3.1 xlO7 cells/g ww) in
October. CTS and XB infection intensity did not vary significantly from each other at about 107
cells/g ww, although BB in CTS was slightly higher in both September and October. LOB
intensities remained significantly lower than those o f other stocks throughout 2001, reaching a
high o f only 3.4 xlO5 cells/g ww (±2.4 xlO5 cells/g ww) in October.

R egent
June 2000 infection levels at Regent showed dramatic differences among individuals within
stocks (Fig. 6). O f the few oysters with infection, most had body burdens below 102 cells/g ww,
but a few Chesapeake oysters had body burdens as high as 105 cells/g ww. Overall, Chesapeake
stocks had significantly higher body burdens at 2.9 xlO4 cells/g ww (±1.8 xlO4 cells/g ww) than
did the G ulf stocks with 2.0 xlO0 cells/g ww (±5.5 xlO '1 cells/g ww, p<0.01). There were also
significant differences among Chesapeake stocks (p=0.0056). The CCR stock had a body burden
of 1.3 xlO 1 cells/g ww (± 7.7 xlO0 cells/g ww) while body burden in CRB was 3.9 xlO4 cells/g
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ww (± 3.8 xlO4 cells/g ww) and CTS averaged 4.88 xlO4 cells/g ww (± 3.98 xlO4 cells/g ww).
There were no significant differences among G ulf stocks. Infection intensity in the XB strain
3

3

was comparable to that in Chesapeake stocks at 5.3 xlO cells/g ww (±4.7 xlO cells/g ww).

Infection intensities in Chesapeake stocks continued to be significantly higher than those in G ulf
stocks throughout summer 2000, but intensities for all stocks declined from June to July,
corresponding with the reduction in prevalence noted previously. For July, only CCR averaged
even as high as 10 cells/g ww, and no single oyster had as many as 100 cells/g ww. For G ulf
stocks, no parasites were found in either the LHB or LOB stocks, and LGT, though statistically
higher than the other two G ulf stocks (p=0.0480), averaged only 1.1x10° cells/g ww (±6.4 xlO '1
cells/g ww). Chesapeake stocks showed significant variation among stocks (p<0.0001), but had
only slightly higher intensities than G ulf stocks at 4.7 xl0° cells/g ww (±1.4 x l0 ° cells/g ww).
The XB strain with 3.8 xl0° cells/g ww (±1.1 xl0° cells/g ww) was comparable to the
Chesapeake stocks. August samples showed an increase in intensity for all stocks, but relative
differences in body burden among stocks remained similar.

Body burdens reached a zenith for 2000 in the September samplings. Body burdens for G ulf
stocks increased sharply to 3.5 xlO5 cells/g ww (±2.6 xlO5 cells/g ww), but variation between
Chesapeake and G ulf oysters continued to be significant (p<0.0001) with Chesapeake stocks
averaging 5.5 xlO6 cells/g ww (±3.4 xlO6 cells/g ww). The XB strain also had an increase in
parasite loads, but less so than any other stock, and its average count o f 3.2 xlO4 cells/g ww
(±1.5 xlO4 cells/g ww) was significantly lower than Chesapeake, but not Gulf, stocks. There
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were no significant differences among stocks within either Chesapeake or G ulf regions in
September.

Perkinsus BB in Novem ber 2000 declined for all stocks except CRB, which actually increased to
2.0 xlO8 cells/g ww (±1.3 xlO8 cells/g ww), well above the 106 level generally considered to be
lethal (Choi et al. 1989). In fact, CRB had a significant level o f mortality (See Mortality
section). Disease intensity in the remaining Chesapeake stocks fell to 9.8 xlO4 cells/g ww (±4.8
xlO4 cells/g ww) for CCR and 3.7 xlO4 cells/g ww (±1.4 xlO4 cells/g ww) for CTS. For G ulf
stocks, BB in LGT was 2.7 xlO4 cells/g ww (±2.4 xlO4 cells/g ww), LHB was 3.3 xlO3 cells/g
ww (±2.3 xlO3 cells/g ww), and LOB was 1.3 x 105 cells/g ww (1.0 xlO5 cells/g ww) cells/g ww.
Both Chesapeake and G ulf stocks varied significantly from one another (p <0.0001). All
Chesapeake stocks (6.6 xlO7 cells/g ww, ±4.3 xlO7 cells/g ww) were significantly more infected
than G ulf stocks (5.2 xlO4 cells/g ww, ±3.5 xlO4 cells/g ww). Infection intensity in the XB
strain (2.1 xlO5 cells/g ww, ±2.1 xlO5 cells/g ww) was similar to that in G ulf stocks but was
significantly lower than that in Chesapeake stocks.

In 2001 Perkinsus body burdens were only taken for CRB, CTS, LOB, and XB. In M ay 2001,
infection intensity in CRB, though lower than that o f the previous November, was the highest of
the four stocks at 3.2 xlO5 cells/g ww (±2.6 xlO5 cells/g ww). The XB strain followed with a
body burden o f 3.6 xlO4 cells/g ww (±2.9 xlO4 cells/g ww), higher than that o f Novem ber 2000.
The CTS stock had the next lowest intensity at 3.4 xlO3 cells/g ww (±2.0 xlO3 cells/g ww), and
LOB had the lowest at 1.7 xlO2 cells/g ww (±9.2 xlO 1 cells/g ww). CRB and XB body burdens
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were significantly different from each other, and from the remaining two stocks, while the CTS
and LOB stocks were statistically similar.

In June, infection intensity for CRB was 1.9 xlO7 (±6.6 xlO6), above the level where mortality is
expected. Indeed, CRB stock began undergoing heavy mortality, which was total by August.
Beginning in June, when both XB and CTS body burdens were around 3 xlO6 cells/g ww, the
two stocks remained statistically similar, but their respective rank varied from one sampling to
the next. August body burdens in XB and CTS exceeded 107 cells/g ww. Parasite counts in the
LOB stock remained lower at 1.2 x 10s (±7.9 xlO4) cells/g ww in June, and remained about the
same in August; BB was 1.2 xlO5 cells/g ww (±9.3 xlO4 cells/g ww).

Infection intensities in September were very high in the three remaining stocks. LOB had body
burdens in excess o f 106 cells/g ww (9.7 xlO6, ±3.5 xlO6), and did not vary significantly from the
XB strain (8.9 xlO6 cells/g ww, ±2.3 xlO6 cells/g ww), but did vary significantly from CTS, with
5.8 xlO7 cells/g ww (±2.2 xlO7 cells/g ww). The final sampling in October 2001 showed no
significant differences in body burden among the three remaining stocks with an average body
burden in excess o f 107 parasite cells/g ww for all.

MSX
Despite relatively low Perkinsus infection intensities in 2000 at Regent, G ulf stocks exhibited
significant mortalities, prompting the immediate histological examination o f preserved oysters
for the potential presence o f MSX disease. Samples o f both live and dead oysters at Regent
showed MSX present in all stocks except XB (Table 1). A pooled sample o f twenty-five oysters
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in July 2000 showed that two individuals were infected with ratings o f 2 and 3 respectively (out
o f a possible maximum o f 5). Specimens collected from September showed higher intensity in
G ulf stocks than in Chesapeake stocks. LGT had the lowest intensity among G ulf stocks at 1.4,
while LOB had the highest at 3. Among Chesapeake stocks, CRB rated the highest at 1.9 and
CTS was the lowest at 0.3. None o f these differences could be statistically verified however.

Subsequent sampling in 2001 showed high infection intensity in CRB and LOB stocks while
CTS and XB had either low infection ratings or had no MSX infection. CRB had a peak
infection rating o f 3 in July 2001, and LOB peaked at 1.7 in October 2001. CTS never rated
higher than 1 in 2001, and no XB oysters showed MSX infections. There was no statistically
significant variation among stocks, but this could be due to low sample numbers, variation
among individuals within stocks, and low infection levels overall. O f 147 oysters examined for
M SX at Kinsale in 2000 and 2001, none showed infection.

Mortality
Kinsale
Initial mortality was low at Kinsale, with all stocks having less than 2% mortality (Fig. 7) for the
M arch 2000 sampling. A slight spike in mortality occurred in all stocks between M arch and
May with the highest mortality in XB with 4.7 % (± 1.2%). After this brief spike, monthly
mortality remained below 3% through the November 2000 sampling for all stocks, with no one
stock having consistently higher mortality than the others. There was no significant variation in
mortality among stocks within both Chesapeake and the G ulf regions (contingency table
analysis).
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Initial 2001 samplings in March indicated a large mortality event among the G ulf stocks. LGT
experienced the highest level at 30.2% (±0.7%), followed by LOB at 27.5% (±3.0%), and LHB
at 21.6% (0.7%) mortality calculated from the November 2000 sampling. During sampling it
was noted that most o f the dead oysters still had intact tissue, indicative o f very recent mortality.
Because Perkinsus levels were low, it was suspected that M SX had been present at the site, but
histological examination o f eighteen oysters from all three G ulf stocks showed no MSX present
(Table 1). Additionally, CCR and CRB stocks, which both showed susceptibility to MSX at
Regent, had no more than 3% mortality between November 2000 and M arch 2001, further
indicating that MSX was not responsible for deaths in G ulf stocks. At the time, air temperatures
were below freezing at night, and extremely low tides in the area left floats exposed to the cold
air. It is probable that the heavy mortality in G ulf stocks was a result o f their lack o f tolerance to
cold temperatures. May 2001 stock counts indicated that the “cold weather” mortality continued
after the March sampling date, as G ulf stocks had higher mortality (6.8%, ±0.8%), than
Chesapeake stocks (2.1%, ±0.4%), and the XB strain (1.7%, ±0.0%). By June 2001, effects of
this “cold-weather” mortality had subsided as all stocks averaged 0.6% (±0.1%) mortality, with
LGT having the highest at 0.7%, and LHB having the lowest at 0.3%.

M ortality estimates for August 2001 showed that CRB increased to 6.7% (±1.9%) while the
other stocks continued to have less than 2% mortality for the sampling period. G ulf stocks as a
whole had lower mortality with no dead oysters in LGT for the month. By September, mortality
increased for all stocks. M ortality was 45.6% (±6.0%) for CRB, compared to only 10.3%
(±0.0%) for CCR, and 1.3% (±0.1%) for CTS. G ulf stocks continued to experience little
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mortality with LOB having only 1.2% (±0.6%), and LGT only 0.6% (±0.0%). The XB strain
was somewhat higher at 4.8% (±0.4%). A similar pattern [describe the pattern] continued
through the rest o f the experiment as mortality for the November sampling was 26.6% (±3.0%)
for CRB, 11.1% (±2.1%) for CCR, and 3.2 % (±0.9%) for CTS, and 0.7% (±0.3%) for LGT, and
0.3% (±0.0%) for both LHB and LOB. The XB strain had 3.5% (±0.8%) mortality for the
November 2001 sampling.

Variation in cumulative mortality was statistically significant among stocks both within and
between geographic regions (contingency table analysis; see Fig. 8). Chesapeake stocks varied
widely, ranging from 82.1% (±1.4%) for CRB to 50.3% (±3.4%) for CCR to 20.0% (±1.1%) for
CTS. Mortalities in G ulf stock were much less varied with 49.0% (±2.8%) for LGT, 47.9%
(±2.7%) for LOB, and 38.6% (±0.4%) for LHB. XB mortality - 30.8% (±6.1%) - was lowest of
all stocks except CTS.

Regent
Initial mortality was also minimal at Regent, with no stock having greater than 2% mortality
(Fig. 7) for the M arch 2000 sampling. The XB strain had the highest level at 1.4% (±0.7%). As
at Kinsale, a slight spike in mortality occurred in all stocks between March and May with XB
having the highest mortality at 4.3% (±1.5%) at Regent. After the early peak in 2000, mortality
declined through August, but began to sharply increase for some stocks in September. Most
notably, the CRB stock experienced 21.0% (±0.6%) mortality between August and September,
and another 37.0% (±2.4%) mortality in the November sampling. CCR also experienced
increased mortality with 7.5% (±0.1%) in September, and 20.4% (±2.3%) in November.
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Surprisingly, despite low Perkinsus marinus infection intensities, all three G ulf stocks
experienced relatively high mortality. LGT had 8.1% (±0.8%) in September, and 24.0% (±0.5%)
in November. LHB had 11.0% (±0.2%) in September, and 22.2% (±1.6%) in November. LOB
had 12.7% (±0.1%) in September, and 33.5% (±2.2%) in Novem ber 2000. Such high mortality
was incongruous with the low P. marinus body burdens, and prompted a search for additional
causes o f mortality. Histological examination of tissue samples indicated that Haplosporidium
nelsoni, the causative agent o f MSX disease was present, and in higher numbers in the G ulf and
CRB oysters (Table 1). Despite the presence o f MSX, CTS and XB mortality remained low
throughout 2000 at Regent, with neither stock exceeding 4% at any sampling.

Initial 2001 inventories at Regent indicated lingering mortality in the G ulf stocks with LGT at
29.0% (±0.8%), LHB at 27.1% (±1.0%), and LOB at 37.8% (±0.3%). CCR also experienced
significant mortality at 16.6% (±0.7%), as well as CRB at 19.0% (±0.0%), but CTS (0.6%,
±0.3%) and XB (1.4%, ±0.1%) mortality remained low in March 2001. In contrast to Kinsale
mortalities, which declined in spring 2001, Regent mortalities remained steady after the March
sampling. By June, the CCR and CRB mortalities had increased to the point that they equaled or
exceeded their peaks o f the previous year. CRB showed 52.0% (±0.4%) mortality in June 2001,
and were extinguished completely by the August sampling. CCR faired only slightly better, with
46.0% (±4.0%) mortality in August, and total mortality by October. G ulf mortality dropped to
the levels generally around 10% in May, and in August LGT experienced only 4.8% (±2.0%)
mortality. LGT mortality quickly increased over the next month to 9.6% (±2.0%), and to 45.3%
(±0.2%) in October. The other two gulf stocks experienced similar mortality, with LOB
completely extinguished by October. CTS and XB levels also increased with CTS having o f
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27.8% (±4.9%) mortality in October, and XB having 27.9% (±3.1%) in September. MSX was
present at Regent in 2001 (Table 1), and while weighted prevalence levels were low to moderate
overall, this second parasite could have been responsible for increased mortality in CRB, CCR,
and G ulf stocks.

Cumulative mortalities at Regent also indicated significant differences among stocks within and
between geographic regions (Fig. 8). CRB, CCR, and LOB all experienced 100% mortality.
The remaining two G ulf stocks were nearly extinguished with LGT having 93.2% (±0.3%), and
the LH B’s having 92.8% (±0.6%) cumulative mortality. The CTS and XB also experienced high
mortalities, although they were significantly lower than the other five stocks, with CTS having
74.5% (±11.5%), and XB having 74.1% (±2.1%) cumulative mortality.

DISCUSSION
Natural Disease Resistance
This is the first study that shows dramatic variation in overall disease resistance among wild
stocks from within the same geographic region. The CTS strain clearly exhibited greater
resistance to P. marinus than the CRB and CCR stocks, having more slowly developing
infections, and greater survival at both test sites. At Regent, where H. nelsoni infections
apparently caused high mortality among G ulf stocks as well as CCR and CRB stocks, a
substantial number o f CTS oysters survived the two years o f the experiment, exhibiting
resistance to that parasite as well. In fact, out o f the original 1600 CTS oysters deployed at
Regent, nearly 100 survive to this day, nearly five years after being deployed at the site.
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Findings from this study support those o f the G ulf study in Chapter II, which showed that against
P. marinus alone, G ulf stocks outperform Chesapeake stocks. Relative order o f stock
performance versus Dermo-disease followed a similar pattern in both studies as G ulf stocks
outperformed CTS and XB, which in turn outperformed CCR and CRB stocks at all four test
sites in the two studies. Bushek and Allen (1996) noted in their in vivo study that increased
Dermo-resistance in G ulf oysters compared to Chesapeake Bay oysters could have possibly
resulted from experimental conditions more suited to G ulf oysters. The current study strengthens
their chief hypothesis that G ulf performance is due to actual resistance to P. marinus, and that
that resistance has a genetic basis.

Application of Disease Resistance
It seems apparent that a number o f Chesapeake oyster stocks possess natural disease resistance.
Tangier Sound oysters (CTS) demonstrate increased resistance. M objack Bay oysters showed
performance comparable to that o f Tangier oysters, indicating that they too have resistance
(Ragone-Calvo, et al. 2003). Sorabella (2001) showed that Lynnhaven River, VA oysters
compared favorably to XB hatchery oysters in studies conducted in the Lynnhaven River. The
verification o f disease resistance in Chesapeake Bay stocks indicates that they are suitable for
use in restoration, either as a source o f broodstock for producing hatchery seed, or as natural
broodstock on nursery oyster reefs.

Naturally resistant wild stocks also offer potential in selective breeding programs. RagoneCalvo et al. (2003) showed dual disease-resistance in the DEBY hatchery line that originated
from wild Delaware Bay stock and showed increased resistance against P. marinus compared to
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MSX-selected hatchery strains (Burreson 1991). Ragone-Calvo, et al. (2003) showed that F4
DEBY oysters outperformed Fo progeny from wild Mobjack Bay, VA and Tangier Sound, VA
stocks against challenges from both P. marinus and H. nelsoni. Haskin and Ford (1987, cited in
Ford and Tripp, 1996) found that resistance against H. nelsoni increased through artificial
selection over succeeding generations. Selectively breeding oysters from Tangier Sound or
other naturally resistant populations could likely increase their disease-resistance, making them
an additional resource for stock restoration or commercial application in Chesapeake Bay.

Louisiana stocks also offer potential for use in selective breeding programs. While a number o f
studies have shown progress in developing M SX-resistance in oysters, it has been more difficult
to develop increases Dermo-resistance (see review in Chapter I). The results o f this study, as
well as the G ulf study in Chapter II, and Bushek and A llen’s 1996 work all show that G ulf
oysters demonstrate greater resistance to P. marinus than any mid-Atlantic stocks to which they
were compared. Regone-Calvo, et al. (2003) also found resistance to P. marinus in G ulf oysters.
As Ford and Haskin (1997) show that oysters strains can attain increased M SX-resistance within
two to three generations, it seems likely that G ulf oysters could also develop increased MSXresistance. In 2001, VIMS deployed Fi LGT oysters spawned from survivors o f the current
study at a number o f sites around Chesapeake Bay. In oysters kept at Regent since 2001,
survival and growth have been high in these “selected” G ulf oysters despite residing in waters
where MSX is presumably present (pers. obs.). The cold-weather mortality experienced by the
G ulf oysters during this study presents another area o f concern in using them in Chesapeake
Bay, but as most were able to survive that event, and others since winter 2000-2001, it seems
likely that G ulf oysters can be selected as cold-tolerant as well as MSX-resistant.
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Stocks that offer potential for use in restoration efforts would initially appear superior for
commercial application, but closer examination o f comparative growth rates among stocks
indicates otherwise. CRB oysters, which showed no resistance to either Dermo or MSX, on
average reached market size (~75mm) by September 2000 at Regent, fifteen months after being
spawned, and by October 2000 at Kinsale, within their first season o f grow-out (Fig. 9). The
next stock to reach market size was the LGT stock at Kinsale, which took 23 months to reach
market size - midway into the second growing season. CTS oysters reached market size one
year after CRB oysters. Comparing cumulative mortality at market size also shows a wide
variation among stocks. Cumulative mortality in CRB oysters was 27% when they reached
market size at Regent, and only 7% at Kinsale. By contrast, LGT mortality at market size was
40% at Kinsale, and 55% at Regent. The LHB suffered 90% mortality at market size at Regent.
XB oysters, which next to CRB showed the lowest mortality at market size, had 44% mortality
at Kinsale, and only 22% at Regent, but they didn’t attain market size until M ay 2001, eight
months later than CRB oysters.

Possibly, faster growth in CRB is negatively correlated with disease resistance. Larger oysters
might be at greater risk o f infection by P. marinus because either they ingest a greater number of
parasites, increasing their exposure to the parasite, or they spend much o f their energy reserves
and resources on growth, rather than defense. However, Andrews and M ackin (1957)
demonstrated that small oysters could be as easily infected as large oysters, if parasite numbers
were sufficient. Additionally, at Kinsale, where MSX was not a factor, LGT oysters were the
second fastest growing stock, and suffered little disease-associated mortality. Further, in the
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G ulf study, all three G ulf stocks grew to exceptional sizes, with lower Perkinsus prevalence,
intensity, and associated mortality.

The faster growth in CRB oysters is important in commercial applications for two reasons.
Firstly, faster growth means less labor in caring for, and maintaining oysters. In a study o f the
labor costs o f growing “runt” seed, O ’Beirn and Luckenbach (2000) found that the extra year of
caring for runt seed was more expensive than throwing them away and buying additional
superior seed. The corollary then, is also likely, that faster growing seed represent a large
savings in labor costs. Secondly, faster growth in CRB oysters would allow them to be
harvested before heavy mortality set in, representing a greater yield per unit cost. With fast
growing seed, a commercial farmer would be able to harvest more seed, in a shorter in less time.

Reduction of Resistance
Areas o f low salinity in Chesapeake Bay offer spatial refugia against disease infection, and allow
oysters with little or no innate resistance to survive and reproduce, preventing selection for
resistance within the refuge population (Andrews & Ray 1988; Bushek and Allen 1996). If
larvae produced in these lower salinity areas were to travel to higher salinity areas, selection for
resistance would be slow in populations residing in high salinity areas, even with disease
pressure being exerted on that population. CRB oysters were harvested from the Rappahannock
River, near Bowlers Rock, an area with known Perkinsus pressure (Ragone-Calvo & Burreson
1993; 1994; 2002). In a large river such as the Rappahannock, it is likely that seed deposited in
the Bowlers Rock area may have originated from broodstock much farther upstream, possibly
from a low salinity disease refuge. Mann et al. (2004) discusses the need to examine
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hydrography to determine where seed are likely to set when planning the reconstruction o f oyster
reefs to ensure settlement on the new reef. Similarly, it may be equally important to consider
hydrography to determine the site o f origin o f seed likely to set on a reef. Seed from low salinity
refugia provide a constant source o f susceptible oysters, and reduce the ability o f a population to
become selected for resistance.

Still another source o f non-resistant genetic material may come from transplanting non-selected
oysters from low-salinity refugia on lease beds subject to disease pressure. W hen Perkinsus was
discovered in the G ulf in the late 1940’s growers began harvesting seed from lower salinity beds,
that may have acted as disease refugia. They soon realized that such seed was short-lived when
planted in high-salinity leases, so the practice was soon abandoned (Andrews and Ray 1988).
When MSX decimated seed beds in the high salinity lower Chesapeake Bay around 1960
(Andrews and Wood 1967) growers were forced to take seed from lower salinity James River
beds, which remained the principle source o f seed for use on private grounds until excessive
mortalities effectively ended lease planting throughout Virginia near the end o f the last century
(Dr. J. Wesson, VMRC, pers. comm.). The continued transfer o f low salinity seed to high
salinity areas possibly provided a constant source o f non-selected oysters, preventing natural
selection for disease resistance.

Evolution of Virulence
The same characteristics that reduce resistance in Chesapeake oysters may also be responsible
for increasing virulence among Chesapeake races o f P. marinus. Ewald (1994) hypothesizes
that the constant influx o f susceptible hosts leads to faster parasite transmission. Because more
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virulent strains, by definition, are capable of faster replication, faster transmission selects for
more virulent strains or genotypes. Therefore the influx o f susceptible individuals into a
population may select for more virulent parasite strains or races. While Ew ald’s studies focused
on human pathogens such as influenza virus, cholera bacteria, and HIV, the same ideas may be
applied to oysters and Dermo-disease. In Chesapeake Bay, where shorter parasite season may
provide temperature refugia for oysters (see Chapter II), one would predict that the P. marinus
strains are more virulent than G ulf strains, which originate where longer periods o f warmer
temperatures provide no such refuge. Likewise the availability o f susceptible larvae in the
Chesapeake from persistent low-salinity refugia, and the human transfer o f susceptible lowsalinity seed to high salinity disease-ridden lease beds provide a steady flow o f susceptible hosts,
which would select for more virulent parasites. Bushek and A llen’s study (1996) validated such
predictions, as they found that Chesapeake Bay isolates (cultures) o f P. marinus were more
virulent than G ulf strains. Management agencies have long counseled against transferring
potentially disease-laden seed and oysters from high salinity areas to low salinity areas, in fear o f
spreading disease. Advising against the transfer o f seed with little or no resistance from low
salinity areas to higher salinity areas with a history o f disease might also be considered to
potentially help reduce parasite virulence.
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TABLE 1.
MSX Prevalence and Weighted Intensity (Regent) - Results from histological
examination of prepared slides. Minimum n=4 for any stock for any month.
Total n=122. For Kinsale, samples in July 2000 were pooled (n=100), and then
diagnosed using MSX probe as described in Stokes et al. (1995). After July
2000, Kinsale samples were analyzed histologically, similarly to Regent
samples (n=48). All Kinsale samples were negative for presence of MSX.

M onth

J u l ‘00

Total
P revalence/
A verage
intensity
(1-5)

Stock Prevalence/A verage Intensity

CCR

8%
0.20

Sep ‘00

48%
1.4

Nov ‘00

50%
1.5

CRB

LG T

LH B

LO B

XB

July 2000 MSX data was not separated by stock.
50%
1.3

63%
1.9

25%
0.3

50%
1.4

63%
1.9

87%
3.0

0%
0.0

50%
1.5

46%
0.6

87%
1.2

J u n ‘01

0%
0.0

0%
0.0

J u l ‘01

67%
1.3

100%
3.0

Sep ‘01

33%
0.5

O ct ‘01

63%
1.5

T otal

40%
1.0

M ay ‘01

CTS

0%
0.0

0%
0.0

50%
0.3
50%
0.6
67%
1.7

50%
1.0
50%
1.3

64%
1.4

25%
0.3

0%
0.0

50%
1.4

63%
1.9

58%
1.5
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Fig. 1. Stock collection (stars) and deployment sites (circles) in Chesapeake Bay (top), and
Louisiana: Gulf of Mexico (bottom).
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Fig. 2. Monthly Temperature and Salinty at Kinsale (P op ) and Regent (p p P ) from
December 1999 - October 2001.
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Fig. 3 - Monthly Shell height Data in miilimeters for Kinsale (top) and Regent (bottom).
CCR: p Ap , CRB: p Ap , CTS: p Ap , LGT:
LHB:
LOB: -A-, XB:— * —.
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Fig. 4 - Perkinsus marin us prevalence by stock for Kinsale (top), and Regent (bottom).
CCR: p Ap , CRB: p Ap , CTS: p Ap , LGT:
LHB:
LOB: -A -, XB:— * —.
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Fig. 5 - Perkinsus marinus prevalence by broodstock origin, 2000 for Kinsale (top), and
Regent (bottom). Chesapeake: p
, Gulf: p □P . Because only four stocks were tested
for Perkinsus marinus in 2001, comparison of broodstock origin as a whole is invalid.
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Fig. 6 - Perkinsus marinus body burdens for Kinsale (top), and Regent (bottom). The
apparent discrepency in error bars is due to the logarithmic scale. CCR: P Ap , CRB:
P Ap , CTS: p AP , LGT:
LHB:
LOB: -A -, XB:— * —.
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Fig. 7 - Monthly percent mortality for Kinsale (top), and Regent (bottom). CCR: P Ap ,
CRB: p Ap , CTS: p Ap , LGT:
LHB:
LOB: -A-, XB:— * —.
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Fig. 8 - Percent cumulative mortality over time for Kinsale (top), and Regent (bottom).
CCR: p Ap , CRB: p Ap , CTS: p A p , LGT:
LHB:
LOB: -A -, XB:— * —.
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Fig. 9 - Correlation of percent cumulative mortality (vertical axis) with time to market size
(75mm shell height; horizontal axis) for stocks at Kinsale (top), and Regent (bottom).
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CHAPTER IV: POTENTIAL ASSOCIATIONS BETWEEN OYSTER DEFENSE
MECHANISMS AND “NATURAL DERMO RESISTANCE”

ABSTRACT
Currently, the development o f selectively bred hatchery strains is a lengthy process o f growing
oysters under challenge from disease, then using survivors as broodstock for the next generation,
which is then grown and selected under similar conditions. If a readily assayable host defense
activity could be associated with disease resistance, then the selection process could be
shortened. Using oysters from the same Chesapeake study (Chapter III), we attempted to
identify a defense-related activity for use as an indicator for resistance to Dermo disease.
Examination o f hemocyte counts, granulocyte percentage, hemocyte killing potential o f P.
marinus, serum protein concentration, and lysozyme activity showed no strong associations
between any o f these activities and P. marinus body burdens. There was little consistent
variation among stocks in any o f the activities. There was some correlation between defenserelated activities, body burdens and condition index. There was significant seasonal variation in
defense-related activities, including hemocyte numbers, granulocyte percentage, and serum
lysozyme levels, and body burdens, and condition index as well. These associations suggest that
variation in defense-related activities and disease levels may be more the result o f seasonal
environmental factors rather than any effect upon each other.
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INTRODUCTION
Attempts to restore eastern oyster (Crassostrea virginica, Gmelin) populations by reducing
fishing pressures have been unsuccessful in Chesapeake Bay, mainly due to the presence of two
parasitic protozoan diseases (Gottlieb and Scheighofer 1996). Haplosporidium nelsoni, the
causative agent o f MSX disease, was introduced to the East Coast around 1950, and was
responsible for massive mortalities in the lower Bay during the early 1960’s (Andrews and Wood
1967). Perkinsus marinus, the agent in Dermo disease, was present in Chesapeake Bay prior to
H. nelsoni, but has become the dominant oyster disease since the early 1980’s (Andrew 1996,
Burreson and Ragone-Calve 1996). It is generally accepted that restoration o f native oyster
populations in Chesapeake Bay requires the deployment o f selectively bred, hatchery strains that
are resistant to both MSX and Dermo diseases (Allen and Hilbish 2000).

Development o f MSX resistant strains has been quite successful as resistance may occur over the
relatively short span o f a few generations among selectively bred hatchery strains (review in
Ford and Tripp 1996). Efforts in developing Dermo resistance have been less successful (review
in Ford and Tripp 1996). Several recent studies indicate resistance in natural populations
(Bushek and Allen 1996; Sorabella 2002; Chapters II & III), and artificially selected hatchery
strains (Ragone-Calvo et al. 2003), but even these studies only indicate increased survival over a
few years; evidence o f long-term Dermo resistance and survival is still elusive.

Gaffney and Bushek (1996) suggested that challenging oysters to disease exposure through field
trials, and then selecting survivors for breeding subsequent generations is the most effective
method o f selecting broodstock for use in disease resistant breeding programs. Field trials,
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though, have several drawbacks, including variation in natural disease pressure, confounding
environmental variation, and being costly in terms o f time and resources (Oliver et al. 2000).
Because o f these drawbacks, physiological or biochemical resistance markers are more attractive
alternatives for broodstock selection (Oliver et al. 2000). Such markers have been examined for
use in stock selection in farm animals (Shlosberg, et al. 1996; Bishop and Stear 1999; Sipos et al.
2003), and in aquaculture species (Johnson, et al. 1999; Roch 1999).
Fisher and Affret (1987) discussed the potential for using in vitro assays related to defense
mechanisms as indicators o f resistance in oyster species. Oliver et al. (2000), using a Hydeazure powder assay, showed that oyster groups with increased inhibition o f low molecular
weight Perkinsus protease, had lower Perkinsus infection levels, but they were unable to
demonstrate a relationship within individual oysters. At this time, there remains no reliable
predictive marker o f parasite resistance.

Since P. marinus was first identified over fifty years ago, researchers have come to understand a
great deal about the nature o f this pathogen. Its tolerances for environmental factors have been
examined in a series o f field and lab studies (Chu and Green 1989; Chu and La Peyre 1993a;
Ragone and Burreson 1993; Chu and Hale 1994; Burreson and Ragone-Calvo 1996). The
method o f transmission and the life cycle have been investigated and discussed (Bushek et al.
1994; Volety and Chu 1995; and reviews by Chu 1996; Perkins 1996; Soniat 1996; Burreson and
Ragone-Calvo 1996). M anagement strategies have been developed to circumvent the disease's
progression (Andrews 1988; Andrews and Ray 1988; Krantz and Jordan 1996; Soniat et al.
1999). A large body o f information concerning the interactions between eastern oysters and this
parasite has also been generated in the last few years (Chu and La Peyre 1993a, 1993b; Chu et al
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1993; La Peyre et al 1995b, 1995c; Volety and Chu 1994, 1995; Anderson 1996; review in Chu
2001). Also understood are the actions oysters employ in general defense (reviews in Anderson
1996; Chu 2001). W hat is unclear, however, is how effective specific oyster defense activities
are in providing resistance to Dermo disease.

Oyster Defense - Cellular
The oyster defense system consists o f cellular and humoral factors. As in other marine bivalves,
oyster hemocytes are primarily responsible for internal defense. In addition to playing an
essential role in inflammation and wound repair, they participate in phagocytosis and
encapsulation o f non-self materials (Cheng 1981; Fisher 1986; Feng 1988; Cheng 1996; Chu
2001), which, with the death o f the phagocytosed invading pathogen, represent the ultimate
cellular defense capability o f the host. Oyster hemocytes are able to recognize, phagocytize, and
subsequently kill P. marinus cells (La Peyre et al. 1995b, 1995c; Volety and Chu 1995;
Anderson 1996, Genthner et al 2000). Also, Foley and Cheng (1975) showed that specific
hemocytes, called granulocytes for their cytoplasmic granules, are more active in defense
activities. Elevated hemocyte numbers, or granulocyte ratios, therefore, may indicate increased
disease resistance, but two studies (Chu and La Peyre, 1993b, Chu et al. 1993) revealed that,
although oysters at higher temperatures had higher concentrations of circulating hemocytes,
higher percentages o f granulocytes, and an increased capability to phagocytize zymosan
particles, they did not have fewer or less intense P. marinus infections.

It is possible that effective cellular defense against P. marinus results from factors other than
hemocyte numbers or granulocyte ratios. An assay measuring the intracellular killing o f P.
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marinus by oyster hemocytes has been developed (Volety and Fisher 2000), using the soluble
tetrazolium salt MTS as a chromogenic substrate. Dungan and Hamilton (1995) demonstrated
that MTS provided a valid measure o f viability in P. marinus cells, and that differences in color
absorbance were proportionate to differences in cell number. Volety and Fisher (2000) showed
that their MTS-based hemocyte killing index (HKI) was effective in measuring widely varying
susceptibilities to hemocytes among Perkinsus isolates. Preliminary trials in our lab prior to this
study showed a positive relationship between granulocyte ratio and hemocyte killing ability
within individual oysters, but these results were inconsistent (unpub. data). Nevertheless, the
HKI assay may provide a direct assessment o f the cellular defense competence o f individual
oysters against the parasite.

O yster Defense - H u m o ral

Lysosomal enzymes
Because oysters lack specific immune responses and immunoglobulins, constitutive humoral
factors are important in internal defense against invading microbes. Oyster humoral components
include lysosomal enzymes (lysozyme, lipase, acid phosphatase, aminopeptidase, 13glucuronidase), hemagglutinin and bacterial agglutinins, protease inhibitors, heat shock proteins,
and antimicrobial factors (Cheng 1981, Chu 1988, Chu 2001). Among the identified lysosomal
enzymes, lysozyme has been studied most extensively because o f its bacteriolytic ability (see
reviews by Cheng 1983 and Chu 1988, Chu and La Peyre 1989, Chu and La Peyre 1993a, 1993b,
Chu et al 1993). While lysozyme’s ability to lyse or otherwise impede P. marinus viability is
unclear, studies indicate oyster serum lysozyme concentrations correlated negatively with
temperature and salinity, and P. marinus prevalence and intensity (Chu et al 1995). The
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coincidence o f low P. marinus prevalence and intensity with high lysozyme concentrations at
low temperature and salinity indicates that lysozyme may play a role in oyster defense, or at the
very least, indicate overall defense capability against the parasite. A preliminary study in C hu’s
lab found that partially purified oyster lysozyme reduced viability o f P. marinus, but differences
in parasite viability were not consistent with lysozyme concentration. (F.-L. Chu and A. Volety,
Virginia Institute o f M arine Science, VIMS, unpub. data).

While lysozyme is effective against specific bacteria, and lysosomal enzymes may be effective
against Perkinsus, the traditional lysozyme assay is only an indirect method in determining the
ability o f oysters to combat Perkinsus. Current measures o f lysozyme-like activity compare
purified chicken egg-white lysozyme and oyster serum (with its melange o f lysosomal enzymes)
activity against the bacterium, Micrococcus lysodeikticus, according to Shugar (1952). Assays
that directly measure the ability o f non-purified serum to fight the parasite may be a better
resistance marker. Anderson and Beaven (2000) found anti P. marinus activity in C. virginica
serum by measuring culture turbidity to determine Perkinsus viability, but such an assay limits
the number o f samples that can be practically managed. For the work previously mentioned,
Chu and Volety (unpub. data) examined the inhibition o f Perkinsus by partially purified
lysozyme from oyster serum utilizing MTT, the slower-acting, less soluble predecessor to MTS
in cell viability assays (Buttke 1993). The development o f an MTS-based Perkinsus viability
assay to analyze oyster serum killing potential would represent a direct measure o f humoral
defense capability against Perkinsus, just as the HKI does for hemocyte capability.
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Protease Inhibition
LaPeyre et al. (1995a) speculated that Perkinsus secretes proteases that interfere with oyster
proteolytic enzymes, which normally aid in humoral defense. It has also been hypothesized that
the protease inhibitors present in Crassostrea spp. are involved in host defense (Faisal et al.
1998, Faisal et al 1999, Oliver et al. 2000). Inhibitory activities against various proteases
including extracellular proteases produced by P. marinus, and the oyster-associated bacterial
pathogen, Vibrio vulnificus, have been demonstrated in the serum from both eastern and Pacific
oysters (Faisal et al. 1998). Oliver et al (2000) reported that oyster families with the highest
mean protease inhibitory activity exhibited the highest survival in both laboratory and field
experiments. They also found that infection intensity in oysters appears to be negatively
correlated with their plasma protease inhibitory activity. Their study not only demonstrated a
genetic component to Dermo resistance, but also suggested protease inhibitory activity as a
potential physiological basis for that resistance.

Oliver et al. (2000) used a Hyde-azure powder assay to examine levels o f low molecular weight
proteases, those below 15kDa. However, the primaiy protease identified in P. marinus is
perkinsin, a 41.7 kDa chymotrypsin-like serine protease (Faisal et al 1999). Oliver et al’s work,
therefore, so did not directly measure levels o f perkinsin. A new assay has been developed that
measures oyster serum inhibition o f perkinsin (Dr. J. LaPeyre, Louisiana State University, pers.
comm.). Additionally, due to the nature o f their study, Oliver et al (2000) determined P. marinus
infection intensity by counting parasite cells in hemolymph, based on the technique developed by
Ray (1954), and modified by Gauthier and Fisher (1990). This method lacks precision and
accuracy, and prevents rigorous statistical analysis (Choi et al 1989; Bushek et al 1994). A
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whole body burden diagnostic technique would provide a more accurate cell count, preferable for
determining relationships between infection levels and defense mechanisms in individual oysters
(Choi, et al. 1989, Bushek, et al. 1994; Ford, et al. 1999, Nickens et al 2002).

The objective o f this study was to determine if any o f the previously mentioned defense factors
(hemocyte number, granulocyte ratio, hemocyte killing potential, and serum protein and
lysozyme activity levels) proved to be a reliable indicator o f resistance to Dermo disease. The
study examined the relationship o f the previously mentioned defense-related factors with P.
marinus infection prevalence and intensity levels in individual oysters, and among oysters from
both putatively Dermo resistant and Dermo-susceptible stocks.

METHODS
Collection and Grow-out
Oysters were gathered in late 1998 and early 1999 from wild populations in the Chesapeake Bay
and the G ulf o f Mexico, and held at the VIMS oyster hatchery as described in Chapter 2.
Briefly, putatively resistant Chesapeake populations included Rappahannock River, Virginia
(CRB), and Tangier Sound, Virginia (CTS), and resistant G ulf populations included Grande
Terre Island, Jefferson Parish, Louisiana (LGT), and Oyster Bayou, Cameron Parish, Louisiana
(LOB). Choptank River, M aryland (CCR) was the susceptible Chesapeake population, and
Hackberry Bay, LaFourche Parish, Louisiana (LHB) was the susceptible G ulf population. The
selectively bred hatchery strain CROSBreed (XB) was used as a positive control. Broodstock
were conditioned according to standard hatchery protocols, and then strip-spawned in spring
1999 and larvae were nurseried as described in Chapter III. In December 1999 seed were placed
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in small-mesh bags, then in 2 ’x4’ Taylor floats (Luckenbach et al. 1997). Floats were secured in
random order to lines at Port Kinsale Marina, (Yeocomico River, Westmoreland County,
Virginia), and Regent Point M arina (Locklies Creek, M iddlesex County, Virginia; see Chapter
III). Throughout the grow-out phase (until November 2001), monthly salinity and temperature
were recorded. Sites were sampled December 1999, March 2000, and monthly thereafter
through Novem ber 2000. Samplings recommenced in May 2001, and continued monthly
through Novem ber 2001.

Hemolymph Collection
Oysters were not large enough (25mm shell height) to take hemolymph samples at Regent until
July 2000, and were not large enough at Kinsale until Novem ber 2000. W hen oysters were large
enough, ten o f the twenty-five oysters sampled from each replicate were notched with a 25-cm
tile saw immediately upon returning to the lab to gain access to the adductor muscle for
hemolymph samples. These oysters were then placed in chilled, aerated, York River water
(YRW) that was adjusted to approximate the salinity o f the collection sites (~12-18ppt). The
following day, notched oysters were bled with 23g needles on 3ml syringes prior to dissection
and processing for body burdens. Hemolymph was dispensed into test tubes, which were placed
on ice for use in cell-based defense assays (hemocyte counts and HKI) that were conducted
immediately thereafter. Hemocyte counts were conducted on all ten oysters sampled for each
replicate for a total o f twenty per stock per site. Four samples per replicate were then randomly
selected for the HKI assay from those that had adequate hemocyte number.
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Serum Preparation
Following cell-based assays, whole hemolymph from each oyster was centrifuged in individual
tubes at 200xg for 15 minutes. Supernatant (serum) was transferred to a new tube to be
centrifuged twice more, with supernatant transferred to a new tube after each spin, and stored on
ice. While on ice, serum was aliquotted into separate microcentrifuge tubes for serum-based
assays as follows: lOOpl for protein assay, 150pl for lysozyme assay, 200pl for protease
inhibition assay, and the remaining portion was aliquotted for the serum inhibition assay (SI).
Tubes were then stored in separate containers for each assay at -80°C. Because o f the large
volume o f hemolymph needed to provide adequate hemocyte numbers for the HKI assay, and
because of small volumes gathered from some oysters, sample sizes were not consistent across
all serum assays. In general, for the protein concentration and lysozyme assays, sample size (n)
was 8-10 per replicate. Replicates were not pooled during actual assays, or for statistical
analysis.

P. marinus Body Burden
Body burden analysis was conducted as described in Chapter 3. Following bleeding, oyster shell
heights were measured, tissues were removed, and viscera were bisected longitudinally so that
two equal portions were obtained. One portion was weighed and homogenized in 0.22pm
filtered YRW for P. marinus diagnosis, using modified body burden technique (Nickens et al
2002). A 1 ml aliquot o f the homogenate was placed in 10 ml Alternative Fluid Thioglycollate
M edium (AFTM), and the remaining homogenate was re-weighed to determine the aliquot mass.
The second tissue portion was weighed and freeze-dried for analysis o f glycogen, lipid, and
protein content (Encomio, et al. submitted). All defense assays were correlated with log-
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transformed body burden values for examination o f the relationships between activity and
infection levels.

Hemocyte number and granulocyte ratio counts
Immediately after bleeding, differential hemocyte counts were taken using a two-sample 0.1 pi
hemocytometer at lOOx magnification. Separate tallies o f granulocytes and hyalinocytes were
made, which were then added for total counts for each oyster. Granulocyte percentage o f all
hemocytes was then calculated for each oyster.

Hemocyte Killing Index (HKI)
The Hemocyte Killing Index (HKI) assay followed protocols established by Volety and Fisher
(2000) using the MTS assay. Briefly, in the presence of PMS (phenylmethasulfazone),
dehydrogenase in living cells enzymatically reduces MTS (3-(4,5-dimethylthiazol -2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2//-tetrazolium) to formazan, resulting in a color
change that can be read spectrophotometrically (Promega Technical Bulletin no. 245 2004). For
the assay, hemolymph samples were normalized at 1x10s cells, based on hemocytes counts.
Since few oysters yielded sufficient hemolymph to produce 105 hemocyte cells, so HKI was
assayed on only 4 oysters in each replicate. Whole hemolymph or a filtered YRW blank was
placed in two sets o f five replicates on a 96-well plate, and plates were centrifuged at 200xg for
10 minutes to facilitate hemocyte adhesion in a monolayer. Cell-free hemolymph or YRW
(salinity-adjusted to match deployment site, ~15-18ppt) was then carefully removed from wells
using a multi-channel pipette. P. marinus cells, 5x10s cells/well, in JL-ODRP-1 medium
(LaPeyre 1993) were introduced to one set o f replicates, with an equal volume o f cell-free JL-
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ODRP-1 medium added to the second set as a control. After an initial 3h incubation period at
17°C, an additional lOOpl JL-ODRP-1 medium was added to all wells to allow continued
survival o f remaining live P. marinus cells, and plates were incubated for 24h at 27°C, and
MTS/PMS solution (Promega CellTiter 96® AQueous Non-Radioactive Cell Proliferation
Assay) was added. Conversion o f MTS to formazan was measured at 490nm. The index was
calculated using the formula from Volety and Fisher (2000):
HKI =

1-

(Abs

hemocytes + perkinsus

(Abs

—Abs

hemocytes alone 1 * 1 0 0

perkinsus alone)

In addition to correlating the index with Dermo intensity, HKI was correlated with granulocyte
ratios using simple linear regression. The HKI, and all other photometric assays in this study
were conducted using a TiterTek M ulti-scan MCC/340 MKII plate reader. Data was processed
using the DeltaSoft 3 software program (Dr. E. Bechtold & BioMetallics, Inc. 1994).

Serum protein levels
Protein levels (mg) o f cell-free serum were measured with a Bio-Rad Lowiy Protein Assay
(Lowry 1951) kit modified for 96-well plates and read on a micro-plate reader set at 690 nm.
Protein levels provided values for normalizing values in subsequent serum assays and were also
correlated with body burdens for individual oysters.

Lysozyme levels
Serum lysozyme levels were measured following Shugar (1952), modified as a 96-well plate
assay. As mentioned previously, the assay measures serum lytic activity against Micrococcus
lysodeikticus. Chicken lysozyme was serially diluted with a phosphate buffer and suspended
with bacteria in triplicate wells to produce a standard curve to ensure bacterial degradation was
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linear. Serum was also suspended with bacteria in triplicate wells. Absorbance at 450nm was
read at one-minute intervals for five minutes. Initial absorbance was subtracted from final
absorbance to yield activity in units, which was then divided by serum protein concentration for
specific activity, expressed in units/mg (of protein).

Statistical analysis
All stocks were sampled in 2000, but because oysters were too small to sample hemolymph, only
a few samplings included defense assays. For that reason, statistical analyses o f defense assays
were only conducted on the four stocks for which defense assays were conducted in 2001: CRB,
CTS, LOB, and XB. Analysis consisted o f nested analyses o f variance (ANOVA) with replicate
nested within stock, and stock and date as fixed factors. Analyses were separated by grow-out
site using the “By” statement in SAS (Statistical Analysis System, Ver. 8, SAS Institute 1999).
To examine changes over time, analyses were first conducted across all sampling dates, then at
each sampling date. The relationship o f defense-related assays to log-transformed body burdens
for individual oysters was analyzed by regression.

RESULTS
P. marinus Infection
Chesapeake sites show variation in body burden among stocks, with LOB oyster having lower P.
marinus infection intensity at both sites (Fig. 1). For a detailed reporting o f disease prevalence
and intensity, see Chapter III. At both sites, CRB oysters showed the highest infection intensity
in both 2000, and 2001, followed by CTS and XB, which were similar to each other throughout
the experiment, and then by LOB, which had the lowest intensity throughout the experiment.
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Intensity at Kinsale was low in 2000, with no stock having a body burden average in excess o f
105 cells/g wet weight (ww) oyster tissue. Intensity increased in 2001, as body burdens
eventually reached at least 106 cells/g ww for all stocks. Intensity at Regent was higher in both
2000 and 2001, with body burdens in all stocks approaching or exceeding 106 cells/g ww in
2000, and exceeding that level in 2001. There was slight, but significant correlation between P.
marinus body burden and other defense assays, which will be described in the following
sections.

H em ocyte C ounts
Total Counts
There was significant variation among stocks in total hemocyte counts at Kinsale (p<0.001)
despite high variation among individual oysters within stocks (Fig. 2). Although there was also
significant variation over time (p<0.001), no stock had consistently higher or lower counts from
month to month. Regression analysis showed that correlation between hemocyte count and body
burdens at Kinsale was statistically significant and positive, but slight, with an r2 value o f only
0.03 (p<0.00). There was no significant correlation at Regent (p=0.49, r2=0.00). In November
2000, the count in the LOB stock was 536 hemocyte cells/ml (±94.2 cells/ml s.e., n=20)
compared to 275 cells/ml for the other three stocks, but counts in all stocks declined slightly in
May 2001 to range from 142.9 cells/ml (±20.0 cells/ml) in the XB strain to 255.5 cells/ml (±33.4
cells/ml) in the CTS stock. Hemocyte counts rose consistently in all four stocks in both the June
and August 2001 samplings. In September 2001, counts rose dramatically to 389.7 cells/ml
(±88.4 cells/ml) in CRB, 557.6 cells/ml (±100.8 cells/ml) in CTS, and 707.9 cells/ml (±110.6
cells/ml) in XB, but fell slightly in the LOB stock to 209.2 cells/ml (±30.8 cells/ml). In October
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2001, counts fell in the XB strain, and fell sharply in the CTS stock while they increased in the
LOB stock, and increased sharply in the CRB stock.

Despite wide variation among individuals, there was also significant variation in hemocyte
counts among stocks (p<0.001), and over time (p<0.001) at Regent. Both LOB and CRB stocks
generally had higher hemocyte counts than did CTS and XB stocks at m ost samplings dates.
LOB counts were particularly high in September 2000 at 672.8 cells/ml (±200.4 cells/ml),
followed by CRB at 345 cells/ml (±56.0 cells/ml), and both CTS and XB closely grouped at
about 185 cells/ml. Hemocyte counts rose in all four stocks through the May 2001 sampling
with CRB reaching a high o f 1008.2 cells/ml (166.8 cells/ml), and the XB strain having the
lowest count at 625.9 cells/ml (±92.7 cells/ml). Counts for the LOB and CTS stocks were
intermediate to those o f CRB and XB. Hemocyte counts in all four stocks fell precipitously in
the June 2001 sampling, and were grouped closely together, with LOB having the highest counts
at 326.0 cells/ml (±58.2 cells/ml), and CTS having the lowest counts at 135 cells/ml (±20.4
cells/ml). Cell counts rose again in August for all stocks, the last month in which CRB oysters
were still alive. Counts continued to rise sharply in both LOB and XB stocks, with LOB counts
reaching a 770.4 cells/ml (±184.9 cells/ml) in September, and 877.2 cells/ml (±122.9 cells/ml) in
October 2001. In contrast, counts fell in CTS oysters to 446.1 cells/ml (±95.4 cells/ml) in
September 2001, and then fell again to 298.9 cells/ml (±60.4 cells/ml) in October.

Granulocyte Percentage
There was no significant variation among stocks in granulocyte percentage at Kinsale, and there
was little variation among individual oysters within stock (Fig. 3). No stock had consistently
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higher or lower percentages, although there was significant variation in granulocyte percentage
over all stocks over time (p<0.001). Percentages ranged from 27.8% in CTS oysters to 43.4% in
CRB oysters for the Novem ber 2000 sampling, and changed little in the M ay 2001 sampling.
After May 2001, percentages in all stocks dropped to about 20-25% for July through September
2001. Percentages rose in October, ranging from 24.8% (±2.6%) in the CRB stock to 43.1%
(±3.7%) in the LOB stock. As with total hemocyte counts, correlation between granulocyte
percentage and body burden was statistically significant and positive, but slight (p=0.002,
r2=0.03).

At Regent, there was no significant variation in granulocyte percentages among stocks, and little
variation among individual oysters within stocks, but there was significant variation over all
stocks over time (p<0.001). There was no significant correlation between granulocyte percentage
and body burden (p=0.00, r2<0.00). In all stocks, percentages started high, above 60% in July
2000, then declined to about 25% in the September 2000 sampling. After dropping further in
November 2000 to about 20%, they changed little over the rest o f the experiment, rising slightly
to about 25-30% in the M ay and June 2001 samplings, before falling again in August. In
September 2001, percentages fell in the LOB and CTS stocks to about 15%, but rose in the XB
strain to just over 20%. In October 2001, percentages were similar for the three remaining
stocks at about 27%

Hemocyte Killing Index
Oysters were too small to provide sufficient hemocytes for the HKI assay to be conducted until
the May 2001 sampling. Additionally, because hemolymph from most oysters was contaminated
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with sperm and bacteria after August 2001, HKI could only be conducted in May, June, and
August. There was no significant variation in HKI among stocks (Fig. 4), nor was there
significant correlation between HKI and body burden at either Kinsale (p=0.31, r2=0.02) or
Regent (p=0.49, r2=-0.01). HKI values at Kinsale were negative in May 2001, indicating that P.
marinus numbers increased in the presence o f oyster hemocytes. HKI values at Regent started at
or near 0%, indicating little difference in parasite numbers between wells with oyster hemocytes
and control wells. HKI values at both sites decreased approximately 100% from M ay to June
2001, but then increased to range between 26% (XB) and 70% (CRB) at Kinsale, and between
90% (XB) and 100% (CRB and LOB).

Serum Protein Concentration
Protein concentration varied significantly among stocks at both Kinsale and Regent (p<0.001),
with the CTS stock having consistently higher concentrations than other stocks at both sites (Fig.
5), and correlation o f protein concentration with body burden was slightly positive, and
statistically significant at both Kinsale (p<0.00, r2=0.04), and Regent (p=0.03, r2=0.01).
Sampling date was a significant factor (p<0.001) as protein concentrations were initially high in
2000, and then fell in 2001. In Novem ber 2000, all stocks were closely grouped at a
concentration o f about 20mg/ml at both sites. At Regent, protein concentrations remained fairly
constant during the M ay sampling, except for CRB, which dropped to 13.8 mg/ml (± 2.2 mg/ml).
Concentrations in the remaining three stocks fell in the June sampling to between 11 and 15
mg/ml. Protein concentrations at Kinsale among all stocks declined in the M ay sampling to
between 10 and 15 mg/ml. In June 2001, concentrations at Kinsale were similar to those at
Regent for the same period, ranging between 10 and 15 mg/ml. Protein concentration remained
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generally constant throughout the rest o f the experiment, rising slightly in September, and then
falling slightly in October at both sites.

Lysozyme Activity
There was no significant variation in protein adjusted lysozyme activity over time, or among
stocks at Kinsale, but LOB activity was generally higher than that in the other three stocks, and
CTS activity was generally lower throughout most o f the experiment (Fig. 6). Correlations with
body burden were not significant at either Kinsale or Regent. At Kinsale, activity was low for all
stocks in November 2000, at approximately 1 unit/mg protein. Activity in most stocks was
higher in May 2001 with LOB oysters averaging 3.0 units/mg (±0.7 units/mg protein), but
activity in CRB oysters remained fairly constant around 1 unit/mg. Beginning with the June
2001 sampling, lysozyme activity declined in all stocks, with September activity in the CTS
stock being the lowest at 0.2 units/mg protein (± 0.03 units/mg protein). Lysozyme activity
remained low throughout the rest o f the experiment, and changes over time were sporadic among
stocks, with wide variation among individual oysters within stocks. No stock showed adjusted
lysozyme activity greater than 1 unit/mg protein.

At Regent, activity was more constant in all stocks, and ranged from 0.4 units/mg protein to 2.2
units/mg protein throughout the experiment. In contrast to higher activity in may at Kinsale,
lysozyme activity at Regent was centered around 1 unit/mg throughout the experiment, and
changes over time were sporadic among stocks, with wide variation among individual oysters
within stocks. There was a slight increase in activity between September and October 2001
among the CRB, CTS, and LOB stocks, as lysozyme activity in the LOB stock averaged 2.2
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units/mg protein (± 0.9 units/mg protein). Activity in the XB stock remained constant over the
same period, at about 0.7 units/mg protein (± 0.1 units/mg protein).

Condition Index
Seeing that the defense-related parameters assayed in this current study appeared to be
influenced by seasonal factors, I attempted to correlate the parameters and body burden results
with the condition indices that were calculated on these same oysters, as reported in Encomio et
al (submitted). Using regression analysis, most defense-related parameters showed no
significant correlation with condition index (Cl). However, granulocyte percentage at Kinsale
showed a positive correlation with Cl (r2=0.03) that was similar to that o f granulocyte percentage
with body burden, as reported previously in this chapter. Lysozyme activity showed a slight but
significant positive correlation with Cl at Regent (r2=0.03, p<0.001), although there was no
significant correlation between lysozyme activity and body burden. Protein concentrations,
which were significantly correlated with body burden at both sites, also showed significant
positive correlation with Cl at both sites, as r2 was 0.09 at Kinsale (p<0.001) and 0.16 at Regent
(p<001). Body burden values showed a slight, but statistically significant positive correlation
with Cl at Kinsale (r2=0.01, p=0.001), but not at Regent (r2=0.003, p=0.13). The correlation of
defense-related parameters with condition index, and o f body burden with condition index,
suggests that defense-related parameters and body burdens may be influenced by changes in
condition.

In addition to determining possible correlations between defense-related parameters and Cl, I
also conducted principle components analysis (PCA), comparing relative contributions to overall
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variance from each o f the following parameters: sampling date, condition index, body burden,
total hemocyte counts, granulocyte percentage, protein concentration, and protein adjusted
lysozyme activity. PCA at both sites indicated a strong seasonal component as date and
condition index accounted for over 50% o f all variance at both Kinsale (56%) and Regent (53%).
Granulocyte percentage accounted for about 15% o f the overall variance, but was only weakly
correlated with body burden. This finding is similar to results from regression analyses noted
previously. PCA has been shown to be valuable in determining the relative importance o f
individual parameters in complex systems (Joensen and Grahl-Nielsen 2001), such as that
examined in the present study.

Additional parameters
In addition to the parameters for which I have reported results, I attempted to develop a newer
assay for measuring serum inhibition o f P. marinus activity (SI), and adapted Dr. LaPeyre’s
assay for measuring serum inhibition o f P. marinus protease activity (PIA). While I was able to
use working assays to measure both parameters on the oysters in the present study, further work
is needed to refine and verify the assays. Briefly, using an MTS assay similar to that used in the
HKI assay, I was able to measure variation in SI among individual oysters, but this variation was
not significant among stocks, and SI values did not correlate significantly with body burdens or
CL Using chymostatin, a serine protease inhibitor, as a standard for comparison, I was able to
measure significant variation in protease inhibition among individual oysters, but that variation
was also not statistically significant among stocks, and protease inhibition did not correlate with
body burdens or CI.
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DISCUSSION
Patterns in Variation
This study and its companion (Encomio et al, submitted) are the first studies that compare a suite
o f both immunological and physiological parameters with disease pressure in individual oysters
in selected Eastern oyster stocks. As such, these studies offered a unique opportunity to examine
the relationship between defense mechanisms and disease levels. Encomio et al. (submitted)
found that over time, variation in immunological factors appeared to be more closely correlated
with condition index, which changed seasonally, rather than disease levels. In the present study,
at both sites, defense-related parameters were more closely associated with both condition index
and sampling date, than with disease intensity, also indicating seasonal variation.

A number o f studies have indicated that defense parameters in oysters may also be influenced by
variation in environmental factors, which in turn may vary seasonally (Fisher et al 2000; Oliver
et al 2001; Fisher and Newell 1986; Soudant et al. 2004). In the present study, hemocyte
numbers and granulocyte percentage at Regent were found to be generally higher during warmer
months than cooler months, similar to studies carried out by Chu et al (1995) and Volety et al
(1999). Hemocyte numbers and granulocyte percentage did not follow the same pattern at
Kinsale, but variation between sites in physiological parameters is not uncommon (Austin et al
1993; Chu et al 1995; Encomio et al. submitted). As Encomio et al. (submitted) stated, the site at
Regent had greater tidal flow than did the site at Kinsale. Additionally, the presence o f H.
nelsoni at Regent could account for differences between the two sites. Serum protein levels at
both Kinsale and Regent showed an apparent decline in warmer months, similar to findings by
Chu and LaPeyre (1989), and Fisher et al (1996). Summer declines in lysozyme activity were
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also apparent at both sites in the current study, similar to Chu and LaPeyre (1989) and Volety et
al (1999), but in contrast to wintertime decreases in lysozyme activity found by Fisher et al
(1996). HKI data from both sites in the present study indicate a decline in parasite killing or
inhibition in early summer, followed by an increase from August forward. Similarly, Volety and
Fisher (2000) noted higher killing ability o f P. marinus cells by oyster hemocytes during cooler
months. In contrast, Genthner et al (1999) noted higher bactericidal activity by oyster hemocytes
in summer months.

Other studies have shown that condition is seasonally influenced in oysters (Encomio et al,
submitted; Austin et al 1993; Paynter and Burreson 1991), and that the progression o f Dermo
disease is also influenced by environmental parameters, and that it varies seasonally (Andrews
and Hewatt 1957; Ragone and Burreson 1993; Paynter and Burreson 1991, review in Ford and
Tripp 1996). Although defense-related parameters, disease intensity, and condition index may
all be seasonally influenced, and thus have a degree of association, the fact that they are so
weakly associated suggests that each may respond to different seasonal factors, or at different
times. For example, although Paynter and Burreson (1991) showed that Dermo-disease intensity
may negatively impact condition index, Crosby and Roberts (1990) found that infection intensity
was only responsible for ten percent o f the variation in condition index. Further, a number o f
studies indicate that condition index in bivalves may also be strongly influenced by reproductive
cycles (see Encomio submitted), and consistent food availability (Rheault and Rice 1996; Pazos
et al. 1997; Okumus and Stirling 1998). In contrast, Dermo-disease intensity would be
dependent upon temperature and salinity, independent o f either oyster reproduction or food
supply (Andrews and Hewitt 1957; Burreson 1991). Because they may be involved in digestion,
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(reviews in Ford and Tripp 1996; Chu 2001), defense-related parameters such as hemocyte
number and granulocyte percentage may respond to changes in food availability, and therefore
would tend to follow a seasonal pattern, but would not change greatly after an initial response, in
contrast to condition index. Additionally, because hemocytes act in defense against potential
pathogens other than P. marinus, increases in those pathogens may affect hemocyte numbers or
granulocyte percentages. As an illustration, in the present study, HKI assays were discontinued
after August 2001, because bacterial levels in oysters were too high to perm it an accurate assay.
In many oysters, bacterial loads were too high to permit accurate hemocyte counts, and far
outnumbered P. marinus cells. Under such conditions, one would expect that general defenserelated mechanisms would show little association with P. marinus infection levels.

Inhibition or Induction
Results from the present study do nothing to counter the assertion o f M ackin (1951, cited in Ford
and Tripp 1996) that there appeared to be no effective physiological response to development of
P. marinus infections in eastern oysters. Results from some o f the immunological measurements
in the present study do, however, provide conjecture concerning the nature o f Dermo-resistance.
Individual oysters sampled in the HKI showed negative indices, indicating that P. marinus
activity seemed to be induced by hemocytes from some oysters. Similarly, while comparing the
ability o f serum from various species o f mollusks to inhibit P. marinus activity, Anderson and
Beaven (2000) first attempted to use the HKI as described in Volety et al (2000). They noted
apparent induction in some samples, similar to findings from the present study (A. Beavens,
University o f Maryland, pers. comm.). Earnhart et al. (2004) noted that susceptible oyster
species induced changes in P. marinus protease profiles, and the morphology o f P. marinus cells.
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It is possible that Dermo-resistance in oysters is not a function o f increased efficiency in defense
capability, but a lack o f induction o f the parasite. If such is the case, then variation in resistance
between populations or individuals may result from differences in physiological parameters other
than traditional defense mechanisms.

Recommendations and Implications
While it appears evident that the seasonality is a primary component to disease, defense activity
and overall condition, it is still possible that a link between disease levels and defense activity
exists. Regression and PCA both showed some correlation between body burdens and specific
defense activities, including hemocyte counts and granulocyte percentage. It is likely that these
relationships were masked by the strong seasonal component with sampling occurring on a
monthly basis at best. Dermo disease progression within individuals generally occurs at a faster
rate than could be observed by infrequent sampling (Ford et al 1999; review in Ford and Tripp
1996). While the sampling schedule in the present study gave a good indication of the overall
disease progression and defense-related activity within populations as a whole, changes within
individuals could not be followed. A study employing more frequent sampling could follow
disease progression more closely. Also, the repeated sampling o f single individuals would
permit closer examination o f disease progression and defense activity within individuals.
However, more frequent study and repeated sampling o f individuals would require usage o f a
hemolymph method for disease diagnosis, which is not as accurate or precise as the body burden
method (Bushek, et al. 1994). Moreover, repeated hemolymph sampling m ay weaken the
organism (Chu and LaPeyre 1989, Ford 1986)
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This study was undertaken with the objective o f determining if any readily assayable defense
mechanisms could be determined to be an accurate predictor or marker o f innate disease
resistance, either within an individual, or within a population. It is clear that none o f the
parameters assayed in this study proved to be reliable markers for resistance. Patterns in
progression o f body burdens did not closely resemble those in defense-related parameters, as
evidenced by little or no significant correlation between body burdens and defense-related
parameters. Additionally, no stock was consistently different from the others over time, or at
both sites for any defense-related parameter. Putative disease-resistant stocks used for this study
were chosen because they were substantial populations o f large, hypothetically long-lived oysters
residing in areas known to enzootic for P. marinus (see Methods, Chapter II; Introduction,
Chapter III). Results from the studies in Chapters II and III indicate that while the use o f size as
a selection criterion is not foolproof, it does offer at least a starting point when attempting to
identify individuals or populations as disease resistant. Selection for breeding based on disease
survival is a common practice, and larger, apparently longer-lived oysters in disease-enzootic
areas would be prime candidates for selection.

Disease levels within an oyster may also be used as a criterion for selecting resistant oysters.
Results from Chapters I and II indicate that stocks with lower body burdens at one sampling
tended to continue to have lower body burdens in ensuing samplings. An apostiori analysis o f
data from both Louisiana and Chesapeake studies showed that at all but the Regent site, where
MSX was present, there was strong relationship between monthly mortality and disease levels at
previous samplings, suggesting that current disease levels could be predictive o f future mortality
(Stickler, unpub. data). Selection based on disease levels may appear similar to the present
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process o f choosing survivors from disease incidents, but would require less overall grow-out
time.
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Fig. 1. Perkinsus marinus body burdens for Kinsale (top) and Regent (bottom) in number
of parasite cells per gram wet weight oyster tissue. CRB: {3 Ap , CTS: P A p , LOB: -A -,
XB:— * —.
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Fig. 2. Total hemocyte counts for Kinsale (top) and Regent (bottom). CRB: p Ap , CTS:
P Ap , LOB: -A-, XB:— * —.
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Fig. 3. Granulocyte percentage of total hemocytes for Kinsale (top) and Regent (bottom).
CRB: p Ap , CTS: p A p , LOB: -A -, XB:— * —.
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Fig. 4. Hemocyte Killing Index (HKI) as percentage of P. marinus activity for Kinsale (top)
and Regent (bottom). Fig. 5. Granulocyte percentage of total hemocytes for Kinsale (top)
and Regent (bottom). CRB: p Ap , CTS: p Ap , LOB: -A -, XB:— * —.
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Fig. 5. Serum protein concentrations in mg/mi for Kinsale (top) and Regent (bottom). CRB:
P AP , CTS: p A p , LOB: -A -, XB:— * —
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Fig. 6. Specific lysozyme activity in activity units/mg protein for Kinsale (top) and Regent
(bottom). CRB: p Ap , CTS: p Ap , LOB: -A-, XB:— * —.
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CHAPTER V: IMPLICATIONS OF NATURAL DERMO-RESISTANCE FOR
ECOLOGICAL RESTORATION AND COMMERCIAL OYSTER CULTURE IN
CHESAPEAKE BAY

SUMMARY OF WORK
The objectives o f this dissertation were to determine if a genetic component for resistance to
Dermo disease exists in wild oyster populations, and if so, is “natural Dermo resistance”
independent o f grow-out environment. Additionally, I attempted to determine if specific defense
activities in oysters were associated with disease intensity in individuals and populations, and
could be used as predictive indicators o f natural resistance.

In the common-garden experiment conducted in Louisiana (see Chapter II), I demonstrated that
there were distinct differences among stocks in disease intensity, determined by oyster body
burdens of P. marinus, and in survival. Specifically, oysters spawned from G ulf broodstocks all
had dramatically decreased parasite loads, and dramatically increased survival compared to
oysters spawned from Chesapeake Bay broodstocks, and the CROSBreed hatchery strain, which
had undergone artificial selection for disease resistance. There was little difference in either
disease intensity or survival among G ulf stocks or among Chesapeake stocks. Disease resistance
and survival were consistent at both test sites (Grand Isle and Grande Terre), and were
independent o f growth.

Results from the similar common-garden experiment conducted in Chesapeake Bay confirm
those from Louisiana (see Chapter III). G ulf stocks had lower P. marinus body burdens than did
Chesapeake stocks at both test sites (Kinsale and Regent), and disease-related mortality in Gulf
stocks at Kinsale was lower than in Chesapeake stocks. M ortality at Regent was confounded by
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the presence o f H. nelsoni, the causative agent o f MSX disease, at that site, but P. marinus body
burdens in G ulf stocks remained below lethal levels until the very end o f the experiment,
suggesting that mortality in those stocks was not attributable to Dermo disease. Additionally, in
the Chesapeake study, while G ulf stocks showed little variation in disease levels or survival,
there were dramatic differences among Chesapeake stocks in disease prevalence, intensity, and
stock survival at both sites as over the course o f the experiment CRB (Rappahannock River)
oysters had high disease intensity and mortality compared to CTS (Tangier Sound) oysters. The
findings o f these two studies indicate that there is variation in resistance to P. marinus among
stocks from different regions, and among stocks from within the Chesapeake Bay region.
Although differences among stocks in the prevalence and intensity o f H. nelsoni infections were
not statistically significant at Regent, they were higher in CRB than in CTS, suggesting that CTS
oysters may also have resistance to that parasite.

Attempts to identify a defense activity for use as an indicator for resistance to Dermo disease
were unsuccessful (see Chapter IV). Examination o f hemocyte counts, granulocyte percentage,
hemocyte killing potential o f P. marinus, serum protein, land lysozyme activity showed no
strong associations between any o f these activities and P. marinus body burdens. There was
little consistent variation among stocks in any o f the activities. There were strong correlations
between defense activities and condition index, and body burdens and condition index. Date of
sampling showed significant correlation with defense activities, body burdens, and condition
index as well. These associations indicate the existence o f a seasonal component to the variation
o f defense activities and disease levels.
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IMPLICATIONS FOR RESTORATION
Hatchery-based Restoration
Current oyster restoration efforts in Chesapeake Bay center on the reconstruction o f artificial
oyster reefs consisting o f large piles o f empty oyster shell, placed on historical reef footprints,
and planted with seed produced at a public hatchery in Maryland, and at private hatcheries in
Virginia (Wesson et al. 1999; Brumbaugh et al. 2000; Allen et al. 2003). W hile initial efforts in
Virginia utilized a combination o f seed from wild stocks and the disease-resistant XB and DEBY
hatchery strains, most seed is now from the DEBY strain (Ragone-Calvo et al. 2003, K.
Kurkowski, Middle Peninsula Aquaculture, pers. comm.). Until recently in M aryland, there was
little concern about utilizing disease-resistant seed in restoration (Allen and Hilbish 2000), but
low harvest levels and heavy mortality in Maryland from Dermo disease in recent years has
prompted consideration o f its use (National Marine Fisheries Service 2004; Hallerman et al.
2001). While efforts have shown progress (Dr. J. Wesson, Virginia Marine Resources
Commission, pers. comm.), the use o f artificially selected hatchery strains poses concerns.

Artificial selection for disease resistance involves placing seed in disease-prone areas to be
challenged over a number o f exposures or seasons by the disease or diseases o f interest.
Surviving individuals are then taken into a hatchery and spawned, and progeny, after an
appropriate nursery stage, are then placed back into the environment to be challenged by disease
again. While resistance to MSX disease may develop within a few generations o f such selection,
selection for Dermo-resistance is more difficult (Haskin and Ford 1979; Haskin and Ford 1987;
Ford and Tripp 1996). In the process o f selecting individuals with apparent disease-resistance,
individuals without disease resistance are also removed, along with their genetic information,
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leading to a reduction o f genetic variability. In restoration, the loss o f genetic variability in
contributed individuals is o f concern because o f the effect it may have on the wild population as
a whole.

Ryman and Laikre (1991) developed a model for evaluating the effect o f hatchery-based
introductions on overall effective population sizes. Studies applying their model have shown that
using large contributions o f hatchery seed with lower effective population sizes can have a
negative impact on overall genetic variability in a number o f marine species, including red drum
(Tringali and Bert 1998) and Pacific oysters (Hedgecock and Coykendall 2004) among others
(see review in Hedgecock and Coykendall 2004). Conversely, Tringali and Bert (1998) also
used the model to show that if a wild population has a limited breeding population, as is the case
in Atlantic sturgeon, then supplementing that population with a hatchery contribution with a
large effective population size can actually enhance overall variability.

Ryman and Laikre’s model (1991) is simple, requiring knowledge o f only the effective
population sizes o f wild and hatchery populations, and the relative contributions o f each. As
Hedgecock and Coykendall (2004) point out, however, generally only the total contribution and
effective population size o f the hatchery population are known. They suggest that while wild
oyster populations may be substantial, annual spawns may show limited genetic variability, as an
entire recruitment class may result from a relatively few females. Their study, however, was
confined to Dabob Bay, Washington, a small, isolated bay o f Puget Sound. It is unlikely that a
single female, or even a limited number o f females are responsible for annual recruitment in
Chesapeake Bay or even a large river such as the Rappahannock.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

188

In cases where size o f the wild population is unknown, it has been suggested that effective
population size o f hatchery contributions be maximized. Hedgecock and Coykendall (2004)
illustrated that in large-scale hatchery supplementation o f wild stocks, effective hatchery
populations should number at least several hundred individuals. In the case o f restoration in the
Chesapeake Bay, however, spawns that provide several million seed oysters for restoration are
typically spawned from a few dozen individuals o f each sex (K. Kurkowski, M iddle Peninsula
Aquaculture, pers. comm.). Such spawns result in effective populations sizes o f no greater than
fifty oysters, according to the formula N e = 4N mN f/(N m+Nf), where N e is effective population
size, Nm is the number o f males, and N f is the number o f females (Wright 1933). Furthermore,
recent examination o f allelic heterozygosity in microsatellites indicates that the DEBY and XB
strains, the two main hatchery strains currently used for hatchery-based restoration in
Chesapeake Bay, both demonstrate limited genetic variability compared to wild populations.
(Reece et al. 2004). Because o f this apparent inbreeding, the true effective population size is less
than that computed using the number o f individuals involved in spawning.

Concerns about limited variability in hatchery contributions, and its impact on future
populations, were prominent in discussions at the 2000 workshop on Genetic Considerations for
Hatchery-Based Restoration o f Oyster Reefs (Allen and Hilbish 2000). The importance o f
oysters to the overall Chesapeake Bay ecosystem, and the need for disease resistance in those
oysters prompted the conference to call for their use in restoration efforts, even at the risk o f
reduced genetic variability (Allen and Hilbish 2000). While the conference did recognize the
value o f using wild stocks with disease resistance to enhance restoration efforts, the existence of
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such populations was unsure in 2000. The findings o f this dissertation stand together with those
o f other studies to show that natural populations can survive in the presence o f disease (Andrews
and Hewatt 1957, Valiulis 1973; Burreson 1991; Ragone-Calvo, et al. 2003; Sorabella 2002).
Clearly, wild oyster populations represent a viable option for use in restoration efforts.

Among stocks used in these studies, the performance o f G ulf broodstock against Dermo disease
makes them an obvious choice for inclusion in hatcheiy-based propagation efforts to increase
resistance (Bushek and Allen 1996; Chapters 3 and 4). In low salinity areas with little or no
pressure MSX from disease, they would be expected to have immediate success. Non
commercial oyster gardeners in low salinity areas o f Virginia, as well as commercial oyster
farmers in M aryland have been utilizing seed originating from Louisiana broodstock for a
number of years with a great deal o f success (K. Kurkowski, Middle Peninsula Aquaculture,
pers. comm.). There are ample amounts o f Louisiana broodstock in Virginia at present that
could be used to produce a large number o f seed resistant to Dermo disease. To prevent against
the potential inbreeding o f seed from these G ulf broodstocks, additional oysters could also be
collected from the G ulf for inclusion in hatchery-based restoration.

Although H. nelsoni, the parasite responsible for MSX disease is not present in the Gulf, and
G ulf stocks showed little resistance to that disease, artificial selection for MSX-resistance is a
relatively short process. Haskin and Ford (1987) showed that if individuals within a population
possess the genetic capacity for resistance to MSX disease, survival increases several-fold in
only two to three generations. Individuals from the G ulf stocks spawned in 1999 for use in these
studies remain alive at Regent Point Marina, where MSX disease is present. Additionally,
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members o f the 1999 group were spawned in turn in 2001, with a number o f those progeny being
placed at Regent Point and other sites where H nelsoni is resident. At Regent, survival in these
Fi G ulf oysters was over fifty percent, despite being well into their third season o f disease
exposure. Although the genetic variability within these Fi oysters is likely low, the fact that so
many individuals still survive after four years exposure to the parasite indicates they possess
some resistance to MSX disease. As a result of the overall findings o f these studies, G ulf oysters
have been incorporated into the breeding program at VIMS since 2001, and have been crossed
with DEBY and XB oysters with the intent to increase Dermo resistance and genetic variability
in those lines.

Chesapeake oyster populations also offer potential for use in breeding programs. Not only did
the Tangier Sound (CTS) oysters from these studies show increased resistance and survival, but
Sorabella (2002) noted performance in seed from wild Lynnhaven, VA stocks that was
comparable to that o f XB oysters, a hatchery strain that had undergone nine generations of
selection against MSX, and four against Dermo. Additionally, during the collection o f
broodstock for these studies, Dr. J. Wesson o f the VMRC noted that several populations
potentially possessed disease resistance, including those from Tangier and Lynnhaven, as well as
Rappahannock, Onancock, and Mobjack (Dr. J. Wesson, VMRC, pers. comm.). While the
Rappahannock stock used in these study did not prove to be resistant, it is possible that oysters
from higher salinity areas o f the lower Rappahannock River, where disease pressure is greater,
could be resistant. It is also likely that populations other than those from Tangier Sound, lower
Rappahannock, and Lynnhaven may also offer potential for use in hatcheiy-based restoration.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

191

Other Restoration Applications
Wild oyster populations may offer greater value beyond breeding programs. The Chesapeake
Bay Program, a consortium o f state and federal governments and agencies responsible for
improving the quality o f Chesapeake Bay, has set a goal o f increasing standing oyster stocks
approximately ten-fold over the 1994 numbers by 2010 (Chesapeake Executive Council 1994:
Chesapeake Bay Program 2000). Since 1997 funds earmarked for this goal have averaged over
$2,000,000 annually, and have resulted in the planting o f 2 million seed oysters per year in
Virginia (Oyster Restoration 1999; Dr. R. Mann, VIMS, pers. comm.). Over that same time span
Virginia watermen have harvested an average o f 20,000 bushels o f oysters per year, with an ex
vessel value o f about $500,000 (VMRC Commercial Landings Data 2004). A t an estimated 250
oysters/bushel, that totals 5,000,000 adult oysters annually removed from the Virginia waters,
permanently. It would seem that buying back the commercial harvest should be considered as an
economical adjunct to large-scale hatchery-based restoration. One justification for the lack o f a
continuous buy-back program lies in the belief that, as a result o f disease pressure, adult oysters
in Chesapeake Bay will die within a few years.

These studies and observations indicate that oysters are not destined to succumb to disease by the
time they reach market size, or before they can reproduce. In addition to the G ulf oysters that
remain alive from the original 1999 spawn, more than twenty percent o f the Tangier Sound
oysters also remain alive, despite residing in MSX- and Dermo-enzootic waters for four full
disease seasons. These more than 200 individuals have attained sizes well in excess o f 100mm
shell height, with some in excess of 125mm (pers. obs.). It is likely that these individuals, and
their parents, could have survived several years in the wild, and that they would have contributed
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their genes for resistance to subsequent generations, thereby increasing resistance in the
population as a whole. To allow the harvest o f oysters from populations with possible natural
resistance is imprudent, and should be discontinued. While merely leaving oysters on the bottom
may not be the best choice, it at least affords natural oyster populations the opportunity to
increase, and eventually become self-sustaining again.

Commercial Aquaculture
A justification frequently given for the continued harvest has been the idea that the commercial
harvest industry is the chief means o f support for a large number o f commercial watermen and
their families. Kirkley (1997) examined the commercial harvest industry and found that the
oyster harvests in the early 1990’s earned less than $1,000,000 annually, supporting the
equivalent o f only nine full-time harvesters, a far cry from the thousands o f watermen that once
fished oysters in Virginia. At the time o f Kirkley’s study, Virginia watermen were harvesting
approximately 40,000 bushels per year. With average harvests since 1996 averaging around
20,000 bushels, the equivalent number of fully supported harvesters is likely lower today
(VMRC Commercial Landings Data 2004; Dr. J. Kirkley, VIMS, pers. comm.). The
implementation o f a continuous buy-back program for restoration would provide support for
these watermen, relatively inexpensively.

It has also been postulated that the Virginia processing industry is reliant upon Virginia oysters
for use as shucked product. Kirkley (1999) estimated that the harvest levels o f the early 1990’s
supported the equivalent o f twenty-two secondary workers (shuckers, processors, distributors,
etc.). With the decrease in Virginia harvest size, that number is also likely lower today. If
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Virginia oysters were used as shucked product, it is estimated that Virginia oysters would only
account for 1-2% o f all the oysters shucked in Virginia. However, the reduced harvest and
resulting higher prices, compared to oysters imported from the G ulf o f Mexico, have caused
purchasers to reserve Virginia oysters for sale on the half-shell market almost exclusively,
further reducing the theoretical number o f workers supported by Virginia harvests (T. Kellum,
Ellery W. Kellum Seafood, Inc., Weems, Virginia, pers. comm.).

While the wild oyster harvest has declined precipitously, the development o f intensive offbottom oyster culture has grown slowly, but steadily. Since the early 1990’s a number of
attempts to develop hatchery-based oyster aquaculture in Chesapeake Bay have failed, due
chiefly to the lack o f disease-resistant seed. In contrast, thriving industries based on hatcheryproduced seed have arisen along the Pacific Northwest and Northeast Atlantic coasts o f the
United States and Canada. Recent improvements in hatchery strains (Ragone-Calvo et al. 2003;
Sorabella 2002) have encouraged a number o f individuals to try again, with the result that today,
production by the culture industry is comparable to that o f the wild harvest industry (see Chapter
III).

While disease-resistant seed are still important to the growth o f a commercial culture industry, it
is becoming increasingly important to select for other traits, particularly faster, more uniform
growth. Faster growth results in decreased labor, damage associated with handling, and
opportunity for predation and disease. Uniform growth equates to decreased sorting and
associated handling damage. Decreased labor, damage, and mortality all lead to increased
profits. In Chapter III, the rapid growth o f the CRB stocks was compared to the other six stocks.
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CRB oysters, on average, reached market size in well under eighteen months at both Chesapeake
grow-out sites, while the next fastest growing stock, LGT, didn’t reach market size until 23
months at one site, and 24 months at the other (see Chapter III). Additionally, while CRB
oysters died faster than all other stocks, mortality in CRB oysters was considerably less at market
size than it was for the other stocks (Chap. Ill, Fig. 10). The need for some degree o f disease
resistance is evident in that although CRB oysters performed well to market size, they began
experiencing heavy mortality shortly thereafter, rapidly decreasing their profitability. CRB
oysters, with very little disease resistance, represent lower costs and increased profit. Selection
for an increase in disease resistance, coupled with faster growth, could make CRB oysters a
prime choice in a commercial setting. A breeding program designed to meet commercial needs,
heeding input from industry partners, would be valuable in further developing commercial oyster
culture in Chesapeake Bay.

Evolution of Virulence
Bushek and Allen (1996) demonstrated that Chesapeake Bay isolates o f P. marinus appeared to
be more virulent than isolates from either the G ulf o f Mexico or Delaware Bay. Although the
apparent virulence exhibited by Chesapeake in vitro cultures may have resulted from
experimental conditions, it suggested that wild P. marinus populations in Chesapeake Bay may
be more virulent than those from other regions. The current studies, while not directly
comparing parasite virulence, do suggest a similar conclusion. G ulf oysters, shown to be more
resistant than Chesapeake oysters in both Louisiana and Chesapeake studies, had higher parasite
body burdens in the Chesapeake study, despite lower temperature, lower salinity, and a
decreased single period o f exposure to the parasite. Although oysters in the Louisiana study
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(Chapter II) were subjected to parasite infections for nearly the entire experiment, body burdens
never averaged higher than 106 parasites/g wet weight oyster tissue. In contrast, in the
Chesapeake study (Chapter III), G ulf oysters were subject to P. marinus infection for only a few
months during 2001 before body burdens exceeded 106 cells/g wet weight. While disease
progression in G ulf stocks during the Chesapeake study may have been due in part to
environmental conditions, Dermo progression in Chesapeake stocks was also rapid, suggesting
increased virulence in P. marinus in Chesapeake Bay.

According to current evolutionary theory, the interplay between parasite virulence and
transmissibility results in a maximum Ro or parasite reproductive rate (Toft and Karter 1990;
review in Levin 1996). Applying this theory in their study, Bushek and Allen (1996) proposed
that increased virulence in Chesapeake races o f P. marinus could be a result o f the century-long
decline in Chesapeake oysters. Oyster populations might have decreased to levels that allowed
the occurrence o f superinfections, secondary infections o f a host by a more virulent strain of
parasite (Bushek and Allen 1996). While this may be a possibility, it should be noted that at the
time o f their study in the early 1990’s, harvest levels in the Virginia Portion o f the Chesapeake
Bay were within an order o f magnitude o f those in Louisiana, and across the Bay as a whole,
harvest levels exceeded those in Louisiana (NMFS Commercial Landings data 2004). It seems
unlikely that superinfections could have been induced due to reduced population size in
Chesapeake oyster stocks, but not in Louisiana stocks, which were o f comparable size.

If virulence in Chesapeake Bay P. marinus races is greater than in G ulf races, there are other
possible explanations that follow current theory, and maximize Ro. Ewald (1994) showed that
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climate could affect virulence in human parasites by affecting parasite transmissibility. As noted
in Chapter II, G ulf o f Mexico and Chesapeake Bay both exhibit similar salinity regimes, ranging
from low salinity in the upper reaches, which provides refugia for oysters from Dermo intensity,
to high salinity near the outer coasts, where disease is a threat year after year. However, the two
systems differ vastly in temperature. As noted in Chapter II, G ulf temperatures are rarely low
enough to create a refuge from P. marinus infection and progression. Parasite virulence would
be limited only by the rate at which the parasite could move through one host group or
population, and spread to another. While overall disease pressure is increased, an extremely
virulent strain may run through its host population before it could spread to an adjacent
population, selecting against such a strain. In contrast, in the Chesapeake Bay, lower
temperatures limit P. marinus activity to only four to five months each year. In this case,
parasite transmission is not only limited by the time it takes to move through a population, but
also by the ability o f the parasite to reproduce before the temperature decreases. Increased
virulence could allow for the parasite to travel throughout a local population and spread to a new
one before cooler temperatures occurred that would halt the progress o f the disease.

It has been theorized that the constant influx o f susceptible hosts leads to more virulent parasite
strains (Ewald 1994; Regoes et al. 2000; Day 2001). Faster reproducing, more virulent strains
out-compete less virulent strains within the host, are selected for, and are then subsequently
transmitted to other susceptible hosts, particularly when host mortality routinely occurs, as is the
case with Dermo disease (Regoes et al. 2000; Day 2001). While Ew ald’s work focused on
human pathogens such as influenza virus, cholera bacteria, and HIV, the same ideas may be
applied to oysters and Dermo-disease. Bushek and A llen’s work (1996), and the current studies
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indicate that Chesapeake stocks are more susceptible to P. marinus infection than are G ulf
oysters, which could have selected for increased parasite virulence in the Chesapeake.

The presence o f H. nelsoni could also have contributed to an increase in virulence in Chesapeake
Bay strains o f P. marinus. Prior to 1960, although P. marinus was present in the lower Bay, it
does not appear that it greatly affected overall harvest levels (NMFS Commercial Landings Data
2004). While localized beds did experience heavy mortality, large numbers o f oysters remained
alive, and likely would have had some degree o f resistance to Dermo disease. The introduction
o f H. nelsoni in the late 1950’s resulted in the loss o f 90% o f the standing stocks in the lower
Chesapeake Bay due to MSX disease (Andrews and Wood 1967). This was not only a loss o f
oyster numbers, but likely also a loss o f any resistance to Dermo disease that the oysters may
have developed. With the loss o f resistant broodstock in high salinity waters, newly recruited
seed would likely come from stocks that haven’t developed resistance and were, therefore,
susceptible, thus selecting for more virulent parasite strains according to Ew ald’s theory (1994).

Increased susceptibility in Chesapeake oysters may also have resulted through human activities.
Andrews and Ray (1988) and Bushek and Allen (1994) cautioned against the transfer o f
presumably infected oysters from high salinity waters to low salinity areas with more susceptible
oysters. If increases in the number o f susceptible hosts lead to increased virulence, the opposite
action may be undesirable as well. The transfer o f oysters from low salinity to high salinity beds
offers additional susceptible hosts to the parasite, which could lead to higher parasite virulence.
Andrews and Ray (1988) state that the practice o f transferring low salinity oysters to high
salinity beds ceased in Louisiana in the 1950’s because survival was so low. In the Chesapeake
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Bay, however, the appearance o f MSX disease in the late 50’s eliminated all the high salinity
seedbeds in the lower Bay (Andrews and Wood 1967). Faced with no alternative, watermen
continued to move large amounts o f seed from the low salinity James River seedbeds to private
growing grounds in higher salinity waters until the early 1990’s when increasing Bay salinities
led to increased disease related mortality, and the practice o f moving seed to private growing
grounds became unprofitable (Andrews and Ray 1988: VMRC Commercial Landings Data
2004). The continual transfer o f susceptible seed oysters to high disease areas could have
resulted in the apparent increase in virulence o f P. marinus shown in Bushek and Allen (1996),
and in the current studies.

In summary, the fact that wild populations with natural Disease resistance exist in Chesapeake
Bay and the G ulf o f Mexico creates several implications. These wild populations could be
valuable in enhancing genetic variability o f hatchery strains utilized in oyster restoration.
Cessation o f the harvest o f wild oysters in Chesapeake Bay would support oyster restoration
goals, enhance restoration efforts, and be cost effective. Although disease resistance is the
primary concern in restoration, oyster aquaculture requires oysters with additional traits. Faster,
more uniform growth is o f value in an aquaculture setting, and should be pursued by breeding
programs. Finally, while evolutionary history o f host-parasite interactions is difficult to
determine, the potential for negative impacts suggests that resource managers should consider
limiting oyster transfers in any disease situation. It is important that all o f these implications be
considered in any future discussion o f oyster restoration and industry development.
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